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(I) Real Party in Interest 

The real party in interest in this Appeal is E. I. du Pont de Nemours and 
Company, the assignee of the entire right, title and interest of the above-identified 
patent application. 

(II) Related Appeals and Interferences 

There are no related Appeals or Interferences which will directly affect or 
be directly affected by or have a bearing on the Board's decision in the pending 
Appeal. 

(III) Status of Claims 

Claims 1-139 were originally filed. 

A Restriction Requirement was issued and the subject matter of Group I, 
Claims 1, 11, 12, 16-18 and 26-28 were elected for further prosecution. Claims 
11, 17, 18, 27 and 28 were cancelled during prosecution. There is one 
independent claim: 1. 

The currently pending and appealed claims are claims 1, 12, 16 and 26 
which are set forth in the Claims Appendix attached hereto. 

(IV) Status of Amendments Filed Subsequent to Final Rejection 

A first Response after Final was filed electronically on March 14, 2008. 
Finality of the Office Action mailed on February 6, 2008 was withdrawn and 
prosecution was reopened. A second Response After Final was filed 
electronically on October 10, 2008. This second Response After Final was not 
entered as set forth in the Advisory Action re-issued and dated January 21, 2009 

(V) Summary of the Invention 

The invention on appeal is believed to constitute pioneering work wherein 
an exogenous DHA and/or EPA biosynthetic pathway was incorporated into an 
oilseed plant thereby enabling the oilseed plant to produce, for the first time, at 
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least 1% DHA and/or EPA in the seed oil. This simply was not known prior to 
Applicants' disclosure. 

Claim 1 concerns a transgenic oilseed plant that produces mature seeds 
in which the total seed fatty acid profile comprises at least 1 .0% of at 
least one omega -3 polyunsaturated fatty acid having at least twenty carbon 
atoms and five or more carbon-carbon double bonds wherein said transgenic 
oilseed plant comprises in its genome at least two transgenic nucleic acid 
sequences encoding at least two different polypeptides and further wherein at 
least one polypeptide has desaturase activity and at least one polypeptide has 
elongase activity. 

This is discussed in the specification, inter alia, on page 17 starting at line 
3 through line 2 on page 19, Examples 3-8 and 10-13, and claims 1,11 and 12 
as originally filed. 

Claim 12 concerns the oilseed plant of claim 1 wherein the 
polyunsaturated fatty acid is an omega-3 fatty acid selected from the group 
consisting of eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and 
docosahexaenoic acid (DHA). 

This is discussed in the specification, inter alia, on page 4 at lines 17-18, 
on page 17 starting at line 37 through line 2 on page 18, and Examples11 and 13 
and in claim 12 as originally filed. 

Claim 16 concerns seeds obtained from the transgenic plant of claim 1 or 
12 wherein the seed comprises the transgenes. 

This is discussed in the specification, inter alia, on page 4 at lines 3-8, 
pages 24 and 25, and Examples 4 and 5. 

Claim 26 relates to the transgenic oilseed plant of claim 1 or 12 being 
selected from the group consisting of soybean, Brassica species, sunflower, 
maize, cotton, flax, and safflower. 

This is discussed in the specification on page 17 at lines 35-36 and in 
claim 26 as originally filed. 
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(VI) Grounds of Rejection To Be Reviewed on Appeal 

There are two grounds of rejection presented for review: 

a) Whether claims 1, 12, 16 and 26 comply with the enablement 
requirement of 35 USC §112, first paragraph. Specifically, it is contended that 
the specification is not enabling for claims drawn to any oilseed plant of any 
genotype producing the claimed levels of fatty acids. 

b) Whether claims 1,12, 16 and 26 are obvious under 35 USC §103(a) 
over Knutzon et al. (U.S. Patent No. 6, 075, 183 issued June 2000) in view of 
Abbott Laboratories (WO 02/08401), further in view of each of Mukherji et al. 
(U.S. 7, 211,656) or Browse etal. (U.S. Patent no. 6,884,921). 

(VII) Argument 

(a) The rejection of claims 1, 12, 16 and 26 as failing to comply 
with the enablement reguirement of 35 USC §112, first paragraph. 

The pioneering work that constitutes the subject matter of the invention on 
appeal concerns placing an exogenous DHA and/or EPA biosynthetic pathway 
into an oilseed plant and recovering at least about 1 .0:% of DHA and/or EPA in 
the seed oil. This simply was not known prior to Applicants' disclosure. 

It is well known that oil seeds are varieties of oil-rich seeds, nuts, fruits, 
and cereals that are used in vegetable oils and fats for cooking, food 
manufacture, soap making, specialized lubricating oils, and cosmetics. 

Native or wild-type oilseeds do not normally produce mature seeds having 
the recited oil profile, i.e., at least 1.0% of at least one polyunsaturated fatty acid 
having at least twenty carbon atoms and five or more carbon-carbon double 
bonds. Since higher plants, in general, lack the metabolic pathway necessary to 
synthesize a PUFA having at least twenty carbon atoms from the dietary intake of 
precursor fatty acids, LA and ALA, it is highly unlikely that this could be achieved 
via mutagenesis. (Sayanova et al., Phytochemistry 65(2004) 147-158) It 
appears that the best route to enable higher plants to synthesize a PUFA having 
at least twenty carbon atoms from the dietary intake of precursor fatty acids, LA 
and ALA, is to use genetic engineering technology. 
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A copy of Sayanova et al. was previously submitted and is attached hereto 
as Evidence Appendix A. 

The research which constitutes the subject matter of the instant invention 
has paved the way for other researchers to use this foundation in engineering the 
production of omega-3 fatty acids in oilseed crops. 

Dr. Kinney's previously submitted declaration dated March 23, 2007 (copy 
provided as Evidence Appendix B), a copy of an article co-authored by Dr. 
Kinney and Dr. Howard Damude, the co-inventors of the subject invention (copy 
provided as Evidence Appendix C), a copy of the Roberts review (copy provided 
as Evidence Appendix D) were previously submitted to demonstrate that a 
variety of approaches using different genes and combinations thereof can be 
used to make transgenic plants producing long chain polyunsaturated fatty acids. 

For example, the Kinney Declaration discussed the Robert article 
specifically, Table 1, on page 105 of the Robert article. This table summarizes 
genes, host plants and reported LC-PUFA proportions in seeds of transgenic 
plants: 

Column 1 references the work of Abbadi et al. (2004) with respect to flax. 

Column 2 references the work of Kinney et al. (2004) (which constitutes 
the subject matter of the instant application) with respect to soy. 

Column 3 references the author's work in 2005 with respect to 
Arabidopsis; and 

Column 4 reference the work of Wu et al. (2004 with respect to 
Brassica/ra peseed . 

The Robert article then went on to discuss Dr. Kinney's work in column 1 
on page 106 (and also mentions the instant patent application and publication). 
The work of Wu et al. is discussed in column 1, second paragraph. The Robert 
article states that Dr. Wu used Dr. Kinney's method to produce high levels of 
AA and EPA in rapeseed. Specifically, a delta-17 desaturase was used to 
shunt a large amount of AA into the n-3 pathway at EPA. Thus, Dr. Wu's work 
demonstrates that Dr. Kinney's method worked with respect to Brassica. 
Irregardless of the LCPUFA oil level, Dr. Wu did exemplify the use of Dr. Kinney's 
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method to achieve expression of LCPUFAs in Brassica, a different oilseed 
plant than soy. LCPUFAs were recovered. This further shows that the 
specification is indeed enabling. 

Furthermore, it is noted that a number of different EPA/DHA genes from 
different sources are presented in the specification to produce EPA/DHA oils in 
transgenic oilseeds. It should be clear from the specification that as long as a 
pathway is capable of producing DHA and/or EPA, then that pathway can be 
used to produce such fatty acids in seed oils. 

Attention is kindly invited to Figure 1 of Damude et al. (Evidence 
Appendix C). This figure depicts aerobic LCPUFA biosynthetic pathways in 
marine microbes. In other words, there are a number of pathways available that 
could lead to the same product. Attention is kindly invited to Damude et al. 
(2007) second column on the third page through column 2 on the fifth page. This 
section discusses a variety of fatty acid biosynthetic pathways that can be 
considered in engineering omega-3 LCPUFAs in plants (also depicted in 
Figure 1). 

Thus, Dr. Kinney's declaration also was intended to demonstrate that a 
variety of genes (from different sources) and combinations thereof can be used to 
engineer production of omega-3 fatty acids in oilseed crops. The art cited by 
Applicant was intended to demonstrate that the instant invention is not limited to 
any particular combination of enzymes (and genes encoding them). The choice 
of genes will vary depending on which pathway is chosen, for example, whether 
a delta-6 or delta-8 pathway is chosen to engineer expression of an LCPUFA in a 
oilseed plant. The Napier, Wu and Damude articles all support this point. A 
copy of Napier is provided in Evidence Appendix E and a copy of Wu is provided 
in Evidence Appendix F. 

It was noted in the Response dated April 17, 2008 that certain oilseeds, 
have various amounts of stearidonic acid (SDA) in their oil. Since SDA is already 
present in these particular seeds, then a single desaturase along with a single 
elongase is all that would be needed to convert SDA to EPA using the methods 
described in the instant application. 
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Those of ordinary skill in the art know that blackcurrant seed oil is sold 
over the counter by a variety of companies. It is known to contain about 2-5% of 
SDA. This information is readily available on a variety of web sites and on 
packaging/inserts of these products wherever they are marketed. For example, 
Aromtech markets Ribesin® Blackcurrant seed oil capsules. 

With respect to hemp, those of ordinary skill in the art should be aware 
that there is a www.hempfood.com website that provides nutritional information 
about hemp seed and hemp seed oil. 

There can be no doubt that borage, blackcurrant and hemp are all 
considered to be oilseeds. 

Furthermore, it is noted that a number of different EPA/DHA genes from 
different sources are presented in the specification to produce EPA/DHA oils in 
transgenic oilseeds. It should be clear from the specification that as long as a 
pathway is capable of producing DHA and/or EPA, then that pathway can be 
used to produce such fatty acids in seed oils. 

Attention is kindly invited to Figure 1 of Damude (Evidence Appendix C). 
This figure depicts aerobic LCPUFA biosynthetic pathways in marine microbes. 
In other words, there are a number of pathways available that could lead to the 
same product. Attention is kindly invited to Damude et al. second column on the 
third page through column 2 on the fifth page. This section discusses a variety of 
fatty acid biosynthetic pathways that can be considered in engineering omega-3 
LCPUFAs in plants (also depicted in Figure 1). 

To reiterate, Dr. Kinney's declaration also was intended to demonstrate 
that a variety of genes (from different sources) and combinations thereof can be 
used to engineer production of omega-3 fatty acids in oilseed crops. The art 
cited by Appellant demonstrates that the instant invention is not limited to any 
particular combination of enzymes (and genes encoding them). The choice of 
genes will vary depending on which pathway is chosen, for example, whether a 
delta-6 or delta-8 pathway is chosen to engineer expression of an LCPUFA in a 
oilseed plant. The Napier, Wu and Damude articles all support this point 
(Evidence Appendices, C, D and E). 
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b) The rejection of claims 1,12, 16 and 26 are obvious under 35 
USC 5103(a) over Knutzon et al. (U.S. Patent No. 6, 075, 183 issued June 
2000) in view of Abbott Laboratories (WO 02/08401), further in view of each 
of Mukherii et al. (U.S. 7, 211,656) or Browse et al. (U.S. Patent no. 
6,884,921). 

It should be noted that the instant application was filed non-provisionally 
on February 1 1 , 2004 and claims the benefit of priority of a provisional application 
that was filed on February 12, 2003. 

The reason that the Qi et al. and Abbadi et al. (both references were cited 
by Robert, Evidence Appendix D) were cited by Applicants was to demonstrate 
what has happened in the wake of the pioneering contribution made by Dr. 
Anthony Kinney and his group in engineering oilseed crops to produce omega-3 
fatty acids. The February 12, 2003 priority date of the instant application 
demonstrates that Dr. Kinney and his team were at the forefront of 
engineering oilseed crops to produce omega-3 fatty acids. (Emphasis 
added). 

For clarification, the following is noted: 

a) It should be noted that the Qi et al. reference was cited by 
Robert on page 104, column 1 of bottom paragraph. A copy of Robert is 
provided in Evidence Appendix D. Qi et al. was published in June, 2004. 

It was noted on page 5 of the Office Action mailed on July 16, 2008 that Qi 
was published prior to publication of Applicant's PCT Application. 
Applicants kindly noted that the earliest priority date to which the instant 
application is entitled is February 12, 2003. Thus, the priority date of the 
instant application predates Qi et al. by well over one year. 

b) Abbadi et al. (October, 2004) was published well after the 
February 12, 2003 priority of the instant application. Abbadi et al. was 
also referenced by Robert. The same is true of Roberts (2006) and Wu 
(2005). 
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The basis of rejection of the claims under 35 USC §1 03(a) rejection as set 
forth in the Office Action dated April 1, 2008 was that it "would have been obvious 
to one of ordinary skill in the art to utilize the method of Brassica transformation 
with the delta-5 an delta-6 desaturase genes under the control of the seed- 
specific napin promoter for the production of novel PUFAs in the seed oil of 
transgenic plants as taught by Knutzon et al, and to modify that method by 
incorporating the elongase genes taught by ABBOTT LABORATORIES under the 
control of a seed-specific promoter,and to further modify that method by 
incorporating the omega-3/delta 17 desaturase genes taught by Mukherji et al or 
Browse et al under the control of a seed-specific promoter such as the napin 
promoter for the production of EPA in the oil of the transgenic Brassica seeds, as 
suggested by each reference." 

The cited references do not demonstrate accumulation in seed oil of an 
oilseed plant of at least 1% DHA or EPA. Further, when taken together the 
individual enzymatic conversions efficiencies in plants, disclosed in each of the 
references, are not sufficient to enable an accumulation in seed oil of at least 1% 
DHA or EPA. 

Synthesis of GLA and SDA is a single linear conversion from LA or ALA. 

In contrast, EPA and DHA are membrane lipids not normally found in any 
plant oil. Synthesis of EPA from endogenous plant lipid is not linear. Prior to the 
instant invention, it was not known if a plant could accumulate these fatty acids in 
their oil. 

Fatty acids are desaturated while part of membrane lipids, they are 
elongated while attached to acyl-CoA. Thus, fatty acids need to pass in and out 
of the phospholipids in the plant cell membrane as part of the pathway to 
synthesizing EPA. This step was thought to be a major block in converting ALA to 
EPA in plants (as described by Robert in legend to Figure 1 on page 104, second 
column and page 105, Evidence Appendix D). Consequently, this led 
researchers to look for acyltransferases involved in the exchange of acyl groups 
between membrane lipids. 
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In Wu et al, cited by Robert, the investigators use the same method 
disclosed in the instant application to make 15% EPA in Brassica seeds. When 
an additional acyltransferase is added to the constructs, there appeared to be no 
effect on the total EPA content. Robert also describes an attempt by his own 
group to look for acyl-CoA desaturases from fish and express them in plants in 
an effort to avoid having fatty acids pass in and out of membrane phospholipids. 

It was concluded, however, that this is not necessary and, in the light the 
information disclosed in the instant application, should essentially use the 
methods described in the instant application to design LCPUFA pathways. 

Likewise, the synthesis of DHA from EPA in higher organisms is a 
complex series of events involving two acyl-CoA elongation reactions, movement 
to membrane phospholipids, a membrane desaturation, movement of the 
resultant fatty acid into the peroxisome and then a beta-oxidation reaction to 
produce DHA. 

Knutson describes the production of GLA and STA. The Abbott, (Biorignal) 
and Browse patents disclose LCPUFA elongases and desaturases. 
GLA and STA are found in the oils of some plants. It is stated in Example 5, 
column 21 at lines 30-36 that transgenic leaves contained only 0.2 to 0.7 wt % 
DGLA and noted that DGLA was being converted to ARA in leaves. Expression 
in seed showed the presence of taxoleic acid and pinolenic acid. These are the 
expected products of delta-5 desaturation of oleic and linoleic acid. 

Knutson states on column 24 at lines 20-26 that three different substrate 
specificities were expressed in a heterologous system. The polyunsaturated fatty 
acids produced were the following: 

a) ARA (20:4) from the precursor 20:3 (DGLA); 

b) production of GLA (18:3) from 18:2 substrate; and 

c) the conversion of 18:1 substrate to 18:2, which is the 
precursor for GLA. 

Knutson does not teach how to create an exogenous DHA and/or EPA 
biosynthetic pathway into an oilseed plant and recovering at least about 1 .0:% of 
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DHA and/or EPA in the seed oil. This simply was not known prior to 
Applicants' disclosure. 

Furthermore, it is respectfully submitted that it would not have been 
obvious to combine the aforementioned references for the reasons set forth 
above. 

Abbott Laboratories, WO 02/02401 discloses elongase genes. This 
reference does not teach how to create an exogenous DHA and/or EPA 
biosynthetic pathway into an oilseed plant and recovering at least about 1 .0:% of 
DHA and/or EPA in the seed oil. 

Combining references that just disclose enzymes having different 
substrate specificities does not obviate the instant invention. Knutzon only 
demonstrated the production of the delta-5 desaturation products of oleic and 
linoleic acid in seed oil. The disclosure of elongase enzymes in the Abbott 
Laboratories reference does not teach how to create an exogenous DHA and/or 
EPA biosynthetic pathway into an oilseed plant and recovering at least about 
1 .0:% of DHA and/or EPA in the seed oil 

Mukerji et al. discloses enzymes involved in the synthesis of 
polyunsaturated fatty acids. Mukerji et al. do not appear to have done any work in 
plants. Mukerji et al. does not teach how to create an exogenous DHA and/or 
EPA biosynthetic pathway into an oilseed plant and recovering at least about 
1 .0:% of DHA and/or EPA in the seed oil. This simply was not known prior to 
Applicants' disclosure. 

Browse et al. just disclose an omega-3 fatty acid desaturase. Again, this 
does not teach how to create an exogenous DHA and/or EPA biosynthetic 
pathway into an oilseed plant and recovering at least about 1 .0:% of DHA and/or 
EPA in the seed oil 

In view of the foregoing discussion, it is respectfully submitted that the 
combination of Knutson in view of Abbott Laboratories and further in view of 
Mukerji et al. or Browse et al. does not teach how to create an exogenous DHA 
and/or EPA biosynthetic pathway into an oilseed plant and recovering at least 
about 1 .0:% of DHA and/or EPA in the seed oil. 
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(VIII) Conclusion 


In view of the foregoing discussion, it is respectfully submitted that: 

a) one of ordinary skill in the art could make and use the claimed 
invention without engaging in undue experimentation; and 

b) claims 1,12, 16 and 26 are not obvious under 35 USC §1 03(a) over 
Knutzon et al. (U.S. Patent No. 6, 075, 183 issued June 2000) in view of Abbott 
Laboratories (WO 02/08401), further in view of each of Mukherji et al. (U.S. 7, 
21 1 ,656) or Browse et al. (U.S. Patent no. 6,884,921 ). 

Accordingly, the Board is respectfully requested to reverse the final 
rejection of pending claims 1, 12, 16 and 26 and indicate allowability of all claims. 

Enclosed herewith is a Petition for a one (1) month extension of time to 
permit the filing of the Brief on Appeal. Please charge the fee for extension of 
time of one (1) month, as well as the requisite fee set forth in 37 CFR §1.1 7(f), to 
Appellant's Assignee's (E. I. du Pont de Nemours and Company) Deposit 
Account No. 04-1928. 

Respectfully submitted, 

/Lynne M. Christenbury/ 
Lynne M. Christenbury 
ATTORNEY FOR APPELLANTS 
Registration No. 30,971 
Telephone: (302) 992-5481 
Facsimile: (302)892-1026 

Dated: February 10, 2009 
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Claims Appendix 

Claim 1. (previously presented) A transgenic oilseed plant that produces 
mature seeds in which the total seed fatty acid profile comprises at least 1.0% of 
at least one omega -3 polyunsaturated fatty acid having at least twenty carbon 
atoms and five or more carbon-carbon double bonds wherein said transgenic 
oilseed plant comprises in its genome at least two transgenic nucleic acid 
sequences encoding at least two different polypeptides and further wherein at 
least one polypeptide has desaturase activity and at least one polypeptide has 
elongase activity. 

Claim 12. (previously presented) The oilseed plant of Claim 1 wherein 
the polyunsaturated fatty acid is an omega-3 fatty acid selected from the group 
consisting of eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and 
docosahexaenoic acid (DHA). 

Claim 16. (previously presented) Seeds obtained from the plant of Claim 
1 wherein said seeds comprise the transgenes. 

Claim 26. ((previously presented The plant of Claim 1 or 12 wherein the 
oilseed plant is selected from the group consisting of soybean, Brassica species, 
sunflower, maize, cotton, flax, and safflower. 
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Abstract 

Long chain polyunsaturated fatty acids are now known to play important roles in human health. In particular, eicosapentaenoic 
acid (20:5A 5 ' 8 ' U ' 14 ' 17 ; EPA) is implicated as a protective agent in a range of pathologies such as cardiovascular disease and 
Metabolic Syndrome (Syndrome X). Eicosapentaenoic acid is currently sourced from fish oils, the presence of this fatty acid being 
due to the dietary piscine consumption of EPA-synthesising micro-algae. The biosynthetic pathway of EPA has been elucidated, 
and contains several alternative metabolic routes. Progress in using "reverse engineering" to transgenically mobilize the trait(s) for 
EPA are considered. In particular, the prospect of producing this important polyunsaturated fatty acid in transgenic oilseeds is 
highlighted, as is the urgent need for a sustainable replacement for diminishing fish stocks. 
© 2003 Elsevier Ltd. All rights reserved. 

Keywords: Polyunsaturated fatty acids; Eicosapentaenoic acid; Metabolic engineering; Metabolic Syndrome; Plant biotechnology 


1. Introduction 

Animal cell membranes primarily consist of a bilayer 
of phospholipids and cholesterol with imbedded pro- 
teins that act as receptors, transporters and enzymes. 
The phospholipid fatty acid composition determines the 
physical and functional properties of cell membranes 
and has important implications for cell integrity and 
growth, inflammation and immunity. This is defined by 
the fatty acids esterified to the glycerol backbones, with 
chain length and unsaturation acting as key determi- 
nants (Broun et aL, 1999). The role(s) of 20-carbon 
(C 2 o) polyunsaturated fatty acids (PUFAs) with meth- 
ylene-interrupted double bonds have been the recent 
focus of intensive research on fatty acid functionality 
(Napier et aL, 1999, 2003; Gill and Valivety, 1997). For 
the purpose of this review, PUFAs are defined as con- 
taining three or more double bonds on a fatty acid chain 
of 18 or more carbons. PUFAs can be further classified 
into two families (n-6 or /?-3), depending on the position 
of the last double bond proximal to the methyl end of 
the fatty acid. These n-6 and n-3 fatty acids (also some- 

* Corresponding author. Tel.: +44-1582-763133; fax: + 44-1582- 
763010. 

E-mail address: johnathan.napier@bbsrc.ac.uk (J. A. Napier). 


times called omega-3 and omega-6 fatty acids) are 
derived from the essential fatty acids (EFA) linoleic acid 
(LA, 18:2A 9,12 ) and a-linolenic acid (ALA, 18:3A 9,12,15 ), 
respectively. Both of these precursor fatty acids are 
synthesized by plants, but not mammals; therefore they 
are essential dietary components of all mammals (Groff 
et aL, 1995) and hence their designation as EFAs. 
Through a series of acyl desaturation and elongation 
reactions, LA is metabolized to arachidonic acid (AA, 
20:4A 5,8,1 1,!4 ; n-6) and ALA is metabolized to eicosa- 
pentanoic acid (EPA, 20:5A 5,8,11,14,17 ; n-3) and doc- 
osahexaenoic acid (DHA, 22:6A 4,7,10,13,16,19 ). Thus the 
n-6 (LA) and n-3 (ALA) EFAs yield two different distinct 
classes of C 2 o+ PUFAs and these two families are not 
normally interconvertible. This is highlighted by the fact 
that they are metabolically and functionally distinct, hav- 
ing opposing physiological functions. PUFAs play key 
roles in cellular and tissue metabolism, including the reg- 
ulation of membrane fluidity, electron and oxygen trans- 
port, as well as thermal adaptation. They are also 
implicated in prevention and modulation of certain 
pathological conditions such as obesity and cardiovascular 
diseases which now appear common in Western society. 

Whilst most mammals have a capacity to synthesise 
C 2 o + PUFAs from the dietary intake of the precursor 
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fatty acids LA and ALA, higher plants in general lack 
this metabolic pathway. A few taxonomically-unrelated 
higher plants have the capacity to synthesis A 6 - and A 5 - 
desaturated fatty acids, though it seems unlikely that 
this is evolutionarily related to mammalian C 2 o PUFA 
biosynthesis. Another dietary source of C20+ PUFAs is 
delivered by some aquatic micro-organisms which have 
very active biosynthetic pathways for these lipids. Such 
marine micro-organisms are consumed by fish and so 
redistribute the C20+ PUFAs up the food-web, culmi- 
nating in the accumulation of fish oils rich in these fatty 
acids. 


2. PUFAs in human health 

2.7. PUFA metabolites 

From the medical point of view, the most important 
function of PUFAs is that they are central to the bio- 
synthesis of a class of compounds termed eicosanoids 
(i.e. metabolites of eicosa [C 2 o] PUFAs), serving as pre- 
cursors for these hormone-like regulatory molecules. 
The ecosanoids consist of prostaglandins (PGs) and 
thromboxanes (TXs), which are collectively identified as 
protanoids, and the leukotrienes (LTs). These com- 
pounds perform a number of essential physiological 
functions including regulation of the immune system, 
blood clotting, neurotransmission and cholesterol 
metabolism (Funk, 2001). The eicosanoids can be 
formed when physical or chemical insults result in the 
release of PUFAs from their phospholipid backbone 
(through the action of phospholipases) and subsequent 
oxygenation by local oxygenase enzymes. The type of 
eicosanoids produced (and hence the body's responses) 
are determined by multiple factors including: cell-type 
stimulated (platelets, leucocytes and endothelial cells), 
oxygenase enzymes present (cyclo-oxygenase versus 
lipoxygenase) and the actual levels of substrate C 2 o 
PUFAs in the cell membrane. Eicosanoids derived from 
77-6 fatty acids have different metabolic properties com- 
pared to those derived from 77-3 fatty acids. In general, 
eicosanoids are classified into several different groups, 
depending on functionality. For example, series- 1 and ser- 
ies-3 which are anti-inflammatory whereas series-2 is pro- 
inflammatory (see Fig. 1). Eicosanoids derived from the 
20:4 n-6 AA are generally pro-inflammatory, pro-aggre- 
gatory and immuno-active (Hwang, 2000). In contrast, 
eicosanoids derived from 20:5 77-3 EPA have little or no 
inflammatory activity and act to modulate platelet aggre- 
gation and immune-reactivity (Funk, 2001). Thus, there is 
considerable interest in the "positive" (e.g. anti-inflam- 
matory) effects of /?-3 (e.g. EPA) derived eicosanoids. 

The synthesis of these two families (77-6 and 77-3) of 
C 2 o PUFAs is mediated by the same enzymes which 
generally appear to have no particular preference for 


substrate. Thus, the balance in intake of 77-6 and 77-3 
fatty acids will therefore determine the types and 
amounts of eicosanoids in the body and so, influence 
the strength of the inflammatory response. Conse- 
quently, manipulation of the fatty acid composition of 
cell membranes can theoretically modify the inflamma- 
tory, immune and aggregatory responses of tissues, 
though this understates the complexity of cellular 
homeostasis. This concept provides the basis for the use 
of 77-3 PUFAs as therapeutic agents in the treatment of 
chronic inflammatory conditions such as rheumatoid 
arthritis, asthma, psoriasis and Crohn's disease. N-3 
fatty acids may also be involved in the development of 
non-insulin dependent diabetes as it was shown that a 
diet low in these fatty acids may favour the development 
of insulin resistance (Browning, 2003). It is for this rea- 
son that dietary intake of 77-3 PUFAs is considered 
protective from Metabolic Syndrome (Clarke, 2001; 
Groop, 2000). Metabolic Syndrome is a multi-compo- 
nent disorder characterised by reduced insulin sensitiv- 
ity, alterations in circulatory lipids, hypertension and 
abdominal obesity, conveying an increased risk to car- 
diovascular disease. Thus, there is considerable interest 
in the therapeutic role of 77-3 PUFAs as intervention 
agents in the prevention and treatment of this disorder. 

As mentioned above, the PUFA composition of cell 
membranes is, to great extent, dependent on dietary 
intake. The typical Western diet is relatively deficient in 
77-3 fatty acids compared to the diets of our ancestors. 
Today the ratio of 77-6-77-3 EFAs in modern diets is 
about 25:1, and when compared with a likely ancestral 
dietary ratio of < 2: 1 , indicative of a current deficiency in 
77-3 fatty acids (Simopoulos, 1991, 2000). The balance 
between the intakes of 77-6 and 77-3 fatty acids has been 
suggested to be more important than levels of intake of 
individual fatty acids for homeostasis and has been pos- 
tulated to lead to decreases in many chronic diseases and 
improvement in mental health (Horrobin et al, 2002). 

2.2. Omega-3 PUFAs 

There are two key 77-3 fatty acids readily used by the 
body: EPA and DHA; DHA (decosahexaenoic acid, 
22:6, 77-3) is synthesised directly from EPA as discussed 
below. These PUFAs are highly concentrated in the 
brain and appear to be particularly important for cog- 
nitive and behavioural function; DHA is also found in 
retinal cells and is likely to play a key role in the acqui- 
sition and maintenance of ocular vision (Uauy et al., 
2001). Lipid-lowering effects, along with some benefits 
in reducing platelet aggregation and clotting potential, 
make C 2 o + n-3 PUFAs very important in the treatment or 
prevention of cardiovascular disease symptoms (such as 
high cholesterol and high blood pressure). The decreased 
blood viscosity and lower fat levels also help reduce the 
risk of heart attacks. The mild anti -inflammatory effects, 
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Fig. 1. A simplified scheme of PUFA biosynthesis and eicosanoid metabolism. The two classes (n-6, n-3) of C 2 o PUFAs are synthesised by 
desaturation and elongation. Oxygenation of these fatty acids by cyclo- oxygenases and lipoxygenases result in the formation of different types 
of eicosanoids (prostaglandins, PGs; thromboxanes, TXs; leukotrines, LTs). 


possibly a result of increased PG-E1 and PG-E3 pros- 
taglandins, may be helpful in the treatment of arthritis 
and other inflammatory diseases. In rheumatoid arthri- 
tis EPA/DHA supplementation has been shown to 
reduce joint stiffness and soreness and to improve flex- 
ibility. Thrombotic disorders are currently treated and 
prevented by utilising pharmacological concentrations 
of EPA (Holman, 1986) 

There are also a number of postulated roles for EPA 
which, whilst of great potential interest, are currently 
less-well defined. For example, the role of EPA in neu- 
rological disorders such as schizophrenia and depres- 
sion; several studies have shown those with 
schizophrenia often have low levels of the particular 
EFAs necessary for normal nerve cell membrane meta- 
bolism. Similar to diabetes, people with schizophrenia 
may not be able to convert efficiently ALA to EPA or 
DHA (Horrobin, 1999). Studies suggested that patients 
with schizophrenia and depression experience a sus- 
tained clinical improvement in symptoms when given 
EPA supplements (Edwards et al., 1998; Laugharne et 
al., 1996), though a recent report questioned the efficacy 
of PUFAs in schizophrenia (Hibbeln et al., 2003). There 
are also a number of preliminary studies which link 


consumption of n-3 PUFAs with the development of 
both infant and adult IQ (Suziki et aL, 2001). 

At present the only significant direct human dietary 
sources of EPA and DHA are cold water fish such as 
cod, tuna and mackerel. However, EPA and DHA 
occur widely in many unicellular protist species, espe- 
cially those of marine origin. EPA comprises up to 25% 
of the total fatty acids of Eustigmatophytes and DHA 
accounts for up to 11 % of the total lipids of Prymne- 
siophytes (Brown, 2002). Some fungi, mosses and bac- 
teria also synthesize significant amounts of EPA and 
DHA; however, higher plants (the major dietary source 
of fatty acids) rarely contain PUFAs with more than 18 
carbon atoms. According to current opinion, n-3 
PUFAs are synthesised by the microscopic algae and 
plankton at the bottom of the marine food chain. They 
are then passed up the food chain (via consumption by 
omnivorous and subsequently carnivorous fish species), 
ultimately to humans. However, it has become evident 
that EPA/DHA from marine sources no longer repre- 
sents a sustainable resource. In the case of fish (and 
their derived oils) produced by aquaculture, it is clear 
that the use of vegetable oil feed rich in n-6 C\g PUFAs 
only result in a product rich in n-6 fatty acids; this is 
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clearly not the desired outcome and also generate an 
EFA-deficiency in the animals. The precipitous decline 
of European marine fish stocks is well documented, 
though it is perhaps not appreciated that this not only 
included primary fish species such as cod, but also so 
called "trash" species (such as sand eels) which are also 
utilized (as n-3-containing feedstuff) for aquaculture 
(Sargent and Tacon, 1999). Thus, there is a clear tech- 
nological push for the development and deployment of 
a safe, sustainable and cheap alternative source of n-3 
PUFAs for human health and nutrition. Currently, 
some microalgal species are cultivated as sources of 
these fatty acids. However, transgenic oilseed crops 
engineered to produce EPA and DHA could provide an 
alternative sustainable source of these important fatty 
acids (Abbadi et al., 2001). It is for all these reasons that 
there is great interest in genes encoding enzymes of the 
PUFA biosynthetic pathway and considerable effort has 
been expended in their identification. Surprisingly (as 
outlined below), there is an unexpected diversity in the 
synthesis of C 20 + PUFAs by different organisms. 


3. Routes for EPA biosynthesis 

3.1. Biosynthetic pathways 

At present, several alternative pathways for PUFAs 
biosynthesis resulting in the formation of EPA and 
DHA have been investigated and genes encoding key 
enzymatic reaction have been identified (summarised in 
Fig. 2 and Table 1). The major, or "conventional" 
aerobic pathway which operates in most (PUFA-syn- 
thesising) eukaryotic organisms, starts with A 6 desa- 
turation of both 18:2 n-6 and 18:3 n-3 resulting in the 
synthesis of y-linolenic (GLA, 18:3 A 6,9,12 ) and octade- 
catetraenoic (OTA; 18:4 a 6 ' 9,12,15 ) acids, respectively. 
This first desaturation step is followed by A 6 -specific C 2 
elongation to 20:3 A 8 ' 11 ' 14 and 20:4 A 8 ' 11 ' 14 ' 17 and fur- 
ther A 5 -desaturation to produce AA and EPA. From 
this point, the biosynthesis of DHA may follow two 
pathways. These are the linear pathway, involving C 2 
elongation of EPA to C22:5 a 7 ' 10 ' 13 ' 16 ' 19 which is desa- 
turated by A 4 -specific desaturase to yield DHA, and the 
so-called "Sprecher" pathway which is independent of 
A 4 -desaturation but involves two consecutive C 2 elon- 
gation cycles to yield 24:5 a 7 ' 10 ' 13 ' 16 ' 19 , followed by A 6 - 
desaturation and one cycle of C 2 -shorteninig via B-oxi- 
dation in the peroxisome to yield DHA (Sprecher et al, 
1995). The existence of the first pathway was confirmed 
by the isolation of a A 4 -desaturase from the marine 
protist Thraustochytrium spp. and the freshwater species 
Euglena (Meyer et al., 2003; Qiu et al., 2001). The sec- 
ond, A ^independent pathway appears more compli- 
cated but there is strong experimental evidence that this 
is the predominant route in mammals (Leonard et al, 


2002). Recently, evidence has been presented by several 
groups that the C 24 A 6 -desaturase is the same enzyme as 
the Cig A 6 -desaturase responsible for the synthesis of 
GLA and OTA (de Antueno et al., 2001; D'andrea et 
al., 2002). Also, the completion of the human genome 
sequence reveals the presence of three cytochrome b 5 
fusion PUFA desaturases, two of which have been 
functionally identified as the A 5 - and Ci 8 A 6 -desa- 
turases (Cho et al., 1999a,b; Leonard et aL, 2000; Mar- 
quardt et al., 2000). Whilst it is conceivable that this 
third cytochrome b 5 fusion sequence encodes a C 22 A 4 - 
desaturase, no evidence has been so far provided to 
confirm this (or a C 24 -specific A 6 -desaturase). 

An alternative pathway for the biosynthesis of C 20 
PUFAs has been demonstrated in the protist Tetra- 
hymena pyroformis, Acanthamoeba spp. and Euglena 
gracilis, organisms which appear to lack A 6 -desaturase 
activity (Lees and Korn, 1966: Ulsarner et aL, 1969; 
Wallis and Browse, 1999). The first step in this alter- 
native route is elongation of Ci 8 fatty acids, LA and 
ALA, to eicosadienoic (20:2 A 11,14 ) n-6 and eicosa- 
trienoic (20:3 a 11,14,17 ) n-3 fatty acids, respectively. In 
turn, these C 20 products are desaturated by a A 8 -de- 
saturase to produce 20:3 A 8 ' 11 ' 14 n-6 and 20:4 A 8 ' 11 ' 14 ' 17 
n-3 PUFAs which are the intermediates of the conven- 
tional pathway. The products of A 8 -desaturation are 
then subjected to desaturation at the A 5 position to 
produce AA and EPA and may be elongated with sub- 
sequent A 4 -desaturation to DHA. This so called "A 8 - 
desaturation" pathway has also been found in rat and 
human testis (Albert and Coniglio, 1977; Albert et aL, 
1979) and in glioma and breast cancer cell lines (Cook et 
al., 1991; Bardon et aL, 1996) as well as being hypothe- 
sised to explain the synthesis of A A in felines, which 
appears to lack a A 6 -desaturase activity (Sinclair et aL, 
1981). A A 8 -desaturase has been cloned from Euglena 
and shown to be structurally related to the other cyto- 
chrome^ fusion desaturases (e.g. A 6 -, A 5 - and A 4 -) 
involved in PUFA synthesis (Watts and Browse, 1999; 
Napier et aL, 2003). 

The role of this alternative route of PUFA metabo- 
lism in terms of physiological significance in human 
health remains unclear but this metabolic route for 20:5 
n-3 formation could be utilised when the conventional 
route is impaired (either genetically or pathologically). 
The desaturation catalysed by the A 6 -desaturase which 
introduces a double bond at the A 6 -position of LA and 
ALA is rate limiting and thus is regulated by dietary 
factors and hormonal changes. Thus, the alternative 
pathway may fulfil the task of supplying PUFAs in 
those tissues where these fatty acids are in greater 
demand, or not subject to similar regulation. Alter- 
natively, A 8 -desaturation may take place in mammalian 
tissues with reduced or zero A 6 -desaturase activity. 
Experimental evidence that glioma and breast cancer 
cells may preferentially elongate 18:3 n-3 and that 
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Fig. 2. Biosynthesis of C20 + PUFAs. The various different routes for the aerobic biosynthesis are shown. Precursor EFAs linolenic and a-linolenic 
acid are the predominant fatty acids synthesised by plants. These then enter the mammalian food web and are subsequently metabolised to C 2 o + 
PUFAs. The alternative A 8 -desaturase/A 9 -elongase pathway is shown, as are the two alternative routes for DHA synthesis. In the case of EPA/ 
DHA synthesising microalgae, C 20 + PUFAs are synthesised directly from saturated substrates (since such organisms contain both "plant" and 
"animal" components of the pathway). 


A s -desaturation follows this elongation gives support to 
the hypothesis that A 8 -desaturation may play an 
important role in cancerogenesis (Cook et al., 1991; 
Bard on et al., 1996). However, as mentioned above, the 
human genome contains only three candidate "front- 
end" PUFA desaturases, two of which have been func- 
tionally characterised. Thus, if the third cytochrome b 5 
fusion desaturase is not the C 22 A 4 -desaturase, it is 
conceivable that it encodes a C 2 o A 8 -desaturase activity. 
Alternatively, the presence of A 8 -desaturase activity in 
cancerous cells could possibly represent a loss of speci- 
ficity (either directly or indirectly) by the A 5 - or A 6 - 
desaturases. Recently Qi et al. (2002) isolated A 9 -elon- 
gase from C 22 -PUFA synthesizing microalga Isochrysis 
galbana which had the ability to elongate the C !8 fatty 
acids, LA and ALA to 20:2 n-6 and 20:3 77-3 (i.e. sub- 
strates for A 8 -desaturation). This suggests that the 
PUFA biosynthetic pathway in /. galbana may be simi- 
lar to that of Euglena and utilise the alternative route to 
provide substrates for A 5 -desaturation. 

In contrast to plants and mammals, some insects and 
invertebrates such as the nematode C. elegans have 


retained the ability to synthesize C 20 PUFAs from 
C i6-i 8 saturated and monounsaturated fatty acid, with 
this latter organism containing all of the enzymes 
required for the de novo synthesis of n-6 /n-3 C 20 
PUFAs (Hutzell and Krusberg, 1982). The nematode 
contains A 5 - and A 6 -desaturases as well as PUFA elon- 
gase activities found in animals and genetic analysis has 
revealed the importance of PUFA biosynthesis in nor- 
mal worm development (Napier and Michaelson, 2001; 
Watts and Browse, 2002; Watts et al, 2003). Moreover, 
C. elegans can perform the crucial step in de novo 
PUFA biosynthesis by converting 18:1A 9 to LA, via a 
A 12 acyl lipid desaturase (Hutzel and Kr as berg, 1982; 
Tanaka et al 1996); the C. elegans gene for this desa- 
turase was recently identified (Peyou-Ndi et al., 2002). 
This desaturase activity is found in plants but absent in 
mammals, and its presence (or absence) is likely to 
represent a key step in the acquisition of dietary 
requirement for EFAs. C. elegans can also convert a 
range of Ci 8 and C 20 n-6 PUFAs into n-3 PUFAs 
through the action of a Ci 8 _ 2 o w-3 desaturase which 
provides an additional mechanism in the regulation of 
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Enzyme 


Type of organism 


Species 


Refs. 


Aerobic desaturases 
A 4 -desaturase 

A5-desaturase 


A 6 -desaturase 


Bifunctional A 5 / A 6 desaturase 
C 2 o A 8 -desaturase 
C18-20 n-3 desaturase 

Aerobic elongases 
A 6 -elongases 


PUFA-elongase 
A 9 -elongase 

Anaerobic enyzmes 
EPA-polyketide synthase 
DHA-polyketide synthase 


Algae 

Mammals 
Nematode 
Fungi 

Algae 
Mammals 

Nematode 
Plants 


Mosses 

Fungi 

Fish 

Protist (green algae) 
Nematode 

Nematode 

Mosses 

Fungi 

Mammals 

Algae 

Bacteria 

Algae 

Bacteria 


Thraustochytrium sp. 
Euglena gracilis 
Homo sapiens 
Caenorhabditis elegans 
Mortierella alpina 
Pythium irregulare 
Thraustochytrium sp. 
Homo sapiens 
Mus musculus 
Caenorhabditis elegans 
Borago officinales 
Echium 
Primula 
Anemone 

Ceratodon purpureus 
Physcomitrella patens 
Mortierella alpina 
Pythium irregulare 
Danio rerio 
Euglena gracilis 
Caenorhabditis elegans 

Caenorhabditis elegans 
Physcomitrella patens 
Mortierella alpina 
Homo sapiens 
Isochrysis galbana 

Shewanella putrefaciens 
Schizochytrium sp. 
Moritella marinus 


Qui etal., 2001 
Meyer et al., 2003 
Cho et aL, 1999b 
Michaelson et al., 1998b 
Michaelson et al., 1998a 
Hong et al, 2002a 
Qui et al., 2001 
Cho et al., 1999a 
Cho et al., 1999a 
Napier et al., 1998 
Sayanova et al., 1997 
Garcia-Maroto et al., 2002 
Sayanova et al., 2003 
Whitney et al., 2003 
Sperling et al., 2000 
Girke et al., 1998 
Chaudhary et al., 1999 
Hong et al, 2002b 
Hastings et al., 2001 
Wallis and Browse, 1999 
Spychalla et al., 1997 

Beaudoin et al., 2000 
Zank et al., 2000 
Parker-Barnes et al., 2000 
Leonard et al., 2002 
Qi et al., 2002 

Takeyama et al., 1997 
Metz et al., 2001 
Metz et al., 2001 


n-3 PUFAs supply. Thus, the ratio of n-3/n-6 PUFAs is 
higher in C. elegans than in mammals because the pre- 
sence of the (additional) n-3 desaturase activity makes 
the two parallel n-6/n-3 PUFA biosynthetic pathways 
more independent from the dietary intake of n-6 and n-3 
fatty acids. 

Functional characterization of cDNA clones corre- 
sponding to C. elegans A 5 -, A 6 -, A 12 -(designated FAT- 
3, FAT-4 and FAT-2, respectively) and the Ci 8 _ 2 o n-3 
(designated FAT-1) desaturase genes have confirmed 
their enzymatic activities (Napier et al., 1998; Michael- 
son et al, 1998a,b; Watts and Browse, 1999; Spychalla 
et al, 1997; Peyou-Ndi et al., 2002). One intriguing 
aspect of C. elegans PUFA biosynthetic pathway is the 
obvious evidence of gene duplication; this is true for 
both the related FAT-l/FAT-2 genes and the A 5 - 
and A 6 -desaturases. This may serve as a paradigm for 
the evolution of distinct enzyme activities from an 
ancestral prototypic (bifunctional) enzyme (Napier and 
Michaelson, 2001). In that respect, the identification of 
a bi-functional A 6 -/A 5 -desaturase from zebrafish may 
represent such an archetype (Hastings et al., 2001). 

Whilst most flowering plants have no capacity to 
synthesis C 2 o PUFAs, some other (lower) organisms can 


synthesize PUFAs from saturated fatty acids. The moss 
Physcomitrella patens synthesises EPA via the conven- 
tional n-3 PUFAs pathway involving A 6 /A 5 -desatura- 
tion and elongation steps, as witnessed by the isolation 
of genes encoding these activities (Girke et aL, 1998; 
Zank et al., 2000). The fungus Mortierella alpina and 
many species of algae possess all the enzyme activities to 
synthesize EPA from saturated substrates (Parker- 
Barnes et al., 2000; Chaudhary et al, 1999). Studies of 
PUFAs biosynthesis with radiolabeled precursors have 
shown that M. alpina, Porphyridium cruentum, Crypthe- 
codinium cohnii and Nannochloropsis use a similar path- 
way leading to EPA biosynthesis (Khozin et al, 1997; 
Henderson and Mackinlay, 1991; Schneider and Roessler, 
1994 

Recently a very different and much simpler anaerobic 
biosynthetic pathway has been identified for both pro- 
karyotic and eukaryotic marine organisms (Metz et aL, 
2001; Napier, 2002). It is catalysed by a multifunctional 
complex that is analogous to polyketide synthases (PKS) 
and does not require PUFA-specific desaturases and 
elongases. Several PKS gene clusters from C 2 o-PUFA 
accumulating marine bacteria Shewanella and Vibrio 
marinus were expressed in E. coli and Synechoccus result- 
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ing in the accumulation of EPA and DHA (Takeyama et al., 
1997; Tanake et al, 1996). The identification of a PKS-like 
pathway in a marine protist Schizochytrium, a member of 
the Thraustochytriaceae, indicates that it can be widespread 
in marine ecosystem (Metz et al, 2001). It also raises a 
question as to the evolutionary relevance of the aerobic 
desaturase/elongase pathway present in Thrausto- 
chytrium (another member of the Thraustochytriaceae) 
(Qiu et al., 2001; Napier, 2002). 

3.2. Identification of genes involved in n-3 PUFA 
biosynthesis 

During last few years most of the genes responsible 
for the biosynthesis of the n-3 PUFAs have been cloned 
from various organisms including algae, fungi, mosses, 
plants and mammals (summarised in Table 1). The 
desaturation enzymes required for PUFA biosynthesis 
are membrane-bound proteins which have three 
strongly conserved histidine-rich sequences (His boxes) 
comprising the general motifs H-X [3 _ 4 ]H, H-X [2 -3]H-H 
and H/Q-X [2 _ 3] H-H (Shanklin et al., 1994; Shanklin 
and Cahoon, 1998: Sperling et al., 2003). Based on 
regioselectivity these desaturases can be separated into 
two different groups: the "methyl -end" desaturase 
introducing the next double bond between the existing 
one and the methyl end of the fatty acid chain, and the 
"front-end" desaturases, inserting a new double bond 
between an existing one and the carboxyl end of the acyl 
group in a methylene-interrupted pattern (Somerville 
and Browse, 1996; Napier et al., 1997). All current 
examples of "front end" desaturases (introducing A 6 -, 
A 5 -, A 4 - and A 8 -double bonds) contain a N-terminal 
cytochrome b 5 domain which serves as the electron 
donor for desaturation (Napier et al., 1997, 1999, 2003; 
Sperling et al., 2003). Another characteristic of the 
"front end" desaturases is the substitution of histidine 
by glutamine in the third histidine box. Site-directed 
mutagenesis of this glutamine to (a consensual) histidine 
resulted in loss of the desaturase activity; thus, the con- 
sensus sequence for the third His box of front-end 
desaturases is more correctly given as Q-X [2 _3]-H-H 
(Sayanova et al, 2001). 

The first example of the gene encoding the key reac- 
tion in both 73-6 and n-3 metabolic pathways, the 
microsomal A 6 -fatty acid desaturase, was cloned from 
borage (Borago officinalis) and expressed in tobacco 
plants and in yeast (Sayanova et al, 1997, 1999). These 
studies demonstrated the formation of GLA and OTA 
in transgenic plants and also in yeast (in the presence of 
exogenous substrates, LA and ALA). Orthologs of the 
A 6 -desaturase have been identified from many different 
species including C. elegans (Napier et al., 1998; Watts 
and Browse, 1999), mammals (Cho et al, 1999a,b, fungi 
(Huang et al., 1999; Hong et al., 2002a,b), mosses 
(Girke et al., 1998; Sperling et al, 2000) and plants 
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(Garcia-Maroto et al., 2002; Whitney et al., 2003). All 
these A 6 -desaturases showed no major preference for n- 
6 or n-3 substrates (Browse et al.,1999; Huang et al., 
1999; Girke et al, 1998; Sperling et al., 2000), though 
recently we have cloned and characterized two members 
of A 6 -fatty acid desaturases from Primula with strong 
specificity towards n-3 substrates (Sayanova et al., 
2003). As mentioned above, the presence of 24:6 n-3 
metabolites in mammalian cells supported the hypoth- 
esis of the existence of two distinct A 6 -desaturase activ- 
ities specific to chain length (Qg v. C24). Until recently, 
there was little conclusive evidence that the A ^desatur- 
ase which acts on the Ci 8 unsaturated fatty acids is also 
capable of desaturating C 2 4 substrates. Two recent 
studies have demonstrated that both human and rat 
single A 6 -desaturases act on Ci 8 and C 2 4 PUFAs (de 
Antueno et al., 2001; d' Andrea et al., 2002). Interest- 
ingly, the rat A 6 -desaturase is more active on Qg w-3 
than C 2 4 n-3 (d' Andrea et al., 2002). However, these 
results do not exclude the possibility of the existence of 
another (substrate-specific) A 6 -desaturase activities (or 
even a A 4 -desaturase) in other mammals. 

The second key enzyme in the n-3 PUFAs pathway is 
the A 5 -desaturase that catalyses the last desaturation 
step of EPA biosynthesis from 20:4 n-3 and sequences 
encoding this activity have been identified from various 
organisms (Table 1). The cloned A 5 -desaturases were 
expressed in yeast in the presence of exogenous sub- 
strates and demonstrated their ability to produce A 5 - 
unsaturated fatty acids. The A 5 -desaturases cloned from 
M. alpina and C. elegans, when expressed in hetero- 
logous systems, acted on a range of substrates, inserting 
double bonds in a non-methylene-interrupted pattern. 
Expression of the M. alpina A 5 -desaturase in transgenic 
canola resulted in the production of 18:2 A 5,9 (taxoleic 
acid) and CI 8:3 A 5,9,12 (pinolenic acid) (Knutzon et al., 

1998) , whereas the nematode enzyme (when expressed 
in yeast in the presence of exogenous substrates) pro- 
duced 20:3 A 5 ' 11 ' 14 and 20:4 A 5 ' 11 ' 14 ' 17 in addition to 
endogenously produced 18:2 A 5 ' 9 (Watts and Browse, 

1999) . The presence of two A 5 -desaturases from the 
slime mould Dictyostelium discoideum have also been 
reported to produce taxoleic acid and 18:2 A 5,11 with 
one of these enzymes able to act on the saturated sub- 
strate, 16:0 (Saito and Ochiai, 1999). At present there is 
no experimental evidence for the use of C 2 o PUFAs as 
the substrates for Dictyostelium discoideum A 5 -desa- 
turases. However, small amounts of 20:3 A 5 ' 11,14 and 
20:4 a 5 ' 11 ' 14 ' 17 have been identified in several species of 
slime molds (Rezanka, 1993) which leaves the possibility 
that these two A 5 -desaturases can act on the C 2 o con- 
ventional A 5 substrates. 

As already described, the A 5 -desaturation of eicosa- 
tetraenoic acid (20:4 n-3) is the last step on the biosyn- 
thetic pathway of EPA. The previous step, in which 
20:4 n-3 is synthesized from OTA, is catalyzed by a C 2 
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elongase complex. Biochemical evidence suggests 
that the fatty acid elongation consists of four steps: 
condensation, reduction, dehydration and a second 
reduction (Cinti et al., 1992). At present, identified 
condensing enzymes (3-keto-acyl synthases) can be 
divided into two groups. A first group includes the 
FAE-like plant enzymes involved in the biosynthesis of 
saturated and monounsaturated fatty acids with Ci 8 . 2 2 
chain length, with these enzymes showing homology to 
other condensing enzymes such as chalcone synthase 
(Millar and Kunst, 1997); so far, there is no evidence 
that this FAEl-like class of enzymes is involved in the 
synthesis of PUFAs. However, a second class of (pre- 
sumptive) condensing enzymes has been defined by the 
ELO gene family of yeast, which are required for the 
synthesis of VLCFA components of sphingolipids (Oh 
et al., 1997). Apparent paralogs of the ELO-type class 
of (sphingolipid) VLCFA elongases have recently been 
demonstrated to be involved in PUFA biosynthesis. For 
example, several Ci 8 A 6 -specific elongases from fungus, 
moss and nematode have been cloned and characterized 
by heterologous expression in yeast (Beaudoin et al., 
2000; Parker-Barnes et al., 2000; Zank et al., 2000), 
whilst a related Cig A 9 -elongating activity of the alter- 
native A 8 -desaturation pathway has also recently been 
identified from Isochrysis (Qi et al., 2002). The mole- 
cular basis for this substrate recognition (A 6 - versus A 9 - 
Cig PUFAs) is currently undefined, as is the precise 
enzymatic function of these ELO-like ORFs, though as 
mentioned above, they are assumed to be condensing 
enzymes. 


incorporated into glycerolipids of the host plants 
(unlike other non-native fatty acids in transgenic 
plants; Suh et al, 2002). A step forward in the assem- 
bling of the PUFAs pathway in oilseeds was the co- 
expression of the M. alpina A 6 - and A 12 -desaturases in 
canola plant resulted in the accumulation of up to 
-50% of GLA (Huang et al., 2001). More recently, we 
have obtained transgenic soybeans expressing the 
borage A 6 -desaturase under the control of a seed-spe- 
cific promoter, resulting in the accumulation of GLA 
to almost 50% of seed fatty acids (A.J. Kinney, perso- 
nal communication). These data indicate that it is very 
likely that GLA is not restricted to a single position 
(such as sn-2) on the glycerolipids backbone. Since 
accumulation of high levels of GLA is a prerequisite 
for the successful reconstitution of the C20 PUFA 
biosynthetic pathway (Fig. 2), these results bode well 
for future experiments. Currently, considerable effort 
is focussing on the combined expression in plants of 
the A 6 -desaturase with the A 6 -elongase and the A 5 - 
desaturase; publication of these data is eagerly 
awaited. However, since the "reverse engineering" of 
any PUFA biosynthetic pathway requires the trans- 
genic mobilisation of multiple different enzyme 
activities, this will require the heterologous expres- 
sion of a minimum of three transgenes. The different 
reverse engineering strategies for the synthesis of 
C20+ PUFAs in transgenic plants are summarized 
below. 


4.1. Routes for C 2 o+ PUFA synthesis 


4. Biotechnology of PUFA production 

The existence of different pathways for PUFAs bio- 
synthesis offers a wide range of alternatives to budding 
plant biotechnologists in their quest to produce desired 
fatty acids in transgenic oilseed crops. At present, the 
most obvious approach is based on the use of aerobic 
"front-end" desaturases and elongases. The C 2 o PUFA 
biosynthetic pathway has been successfully recon- 
stituted in yeast by the co-expression of the A 6 -elongase 
with A 6 - and A 5 -fatty acid desaturases resulted in small 
but significant accumulation of AA and EPA from 
exogenously supplied LA and AL (Beaudoin et al., 
2000; Zank et al, 2000) 

The first step towards engineering oilseeds to produce 
PUFAs such as EPA was expression of the borage A 6 - 
fatty acid desaturase in transgenic tobacco and Arabi- 
dopsis plants (Sayanova et al., 1997, 1999). Data 
obtained from these experiments indicated that the 
(constitutive) expression of borage A 6 desaturase in 
transgenic plants resulted in the production of 18:3 n-6 
and 18:4 n-3 which clearly indicated that the unusual 
fatty acids required for PUFAs biosynthesis can be 


Aerobic 

Synthesis of EPA 

• Conventional aerobic desaturation 
A 6 -desaturase, A 6 -elongase, 
A 5 -desaturase 

• Alternative aerobic desaturation 
A 9 -elongase, A 8 -desaturase, 
A 5 -desaturase 

Additional pathway "skews" 

• -specific A 6 -desaturase 

• C18-20 w-3 desaturase 
Conversion of EPA to DHA 

• Convention aerobic desaturation 
A 5 -elongase, A 4 -desaturase 

• "Sprecher" peroxisomal shunt 
A 5 -elongase, A 7 -elongase, 
A 6 -desaturase 

(requires 1 cycle of p-oxidation 
to convert THA to DHA) 
Anaerobic 

Polyketide synthase-like 
processive synthesis 


Yields AA, EPA 
Yields AA, EPA 


Yields 
Yields 


OTA 

OTA, EPA 


Yields DPA, DHA 
Yields THA, DHA 

Yields EPA/DHA 
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At present, the availability of PUFA elongases and 
desaturases makes real the possibility of producing a 
wide range of PUFAs in oilseed crops. However, this is 
likely to be sub -optimal in efficiency when compared 
with the original gene sources, as has been observed in 
other attempts to engineer (more simple) fatty acid 
traits in transgenic plants (Drexler et ai., 2003; Suh et 
aL, 2002). This could be due to multiple factors, such as 
those resulting from the synthesis of non-native fatty 
acids, variations in substrates used for desaturation 
(glycerolipid versus acyl-CoA) (Domergue et aL, 2003), 
as well as the random nature of transgenes integration 
into plant genomes. Another consideration is the pro- 
miscuous behaviour of enzymes in heterologous sys- 
tems, resulting in activities towards either new or 
unexpected substrates. For example, the expression of 
the M. alpina A 5 -desaturase in transgenic canola resul- 
ted in the accumulation of Cig A 5 -desaturated fatty 
acids, even though these products are not detected in 
the endogenous lipids of the fungus (Knutzon et aL, 
1998). Therefore, the selection of genes encoding 
enzymes with high chain-length selectivity becomes a 
particularly important issue. Whilst A 6 - or A 5 -unsatu- 
rated metabolites as 16:1 A 6 or taxoleic, pinolenic acids 
and C20:2 A 5,11 are not considered to be normal inter- 
mediates in C 2 o PUFA biosynthesis, their physiological 
effects (as minor compounds in a transgenic plant) would 
still certainly need to be considered from human nutri- 
tional and biochemical persectives. Therefore, an addi- 
tional target for biotechnological applications would be 
the identification of high-fidelity enzymes for produc- 
tion of PUFAs without the formation of unintended by- 
products resulting from substrate promiscuity. 

5. Future prospects 

Whilst the synthesis of EPA requires only three 
enzyme activities (Table 1), the longer term objective 
might be the synthesis of DHA. Since this C 2 2 PUFA is 
synthesised by additional elongation and desaturation 
of EPA, synthesis in a heterologous host will require 
additional enzyme activities (and hence, transgenes). 
Initial attempts to heterologously reconstitute DHA 
synthesis in yeast appear to have demonstrated low but 
significant levels of this PUFA, marking an important 
"proof-of-concept" A. Abbadi and E. Heinz, oral pre- 
sentation. It remains to be seen if this (or other) aerobic 
desaturase/elongase pathways are the best system for the 
transgenic synthesis of C 2 o+ PUFAs, or if the anaerobic 
PKS-like system is a viable alternative. 

Whatever routes are used for the transgenic synthesis 
of C 2 o+ PUFAs such as EPA, it is clear that there is an 
urgent need for alternative and sustainable sources of 
these fatty acids (Sargent and Tacon, 1999). However, it 
is equally clear that continued consumer antipathy 
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(exacerbated by co-ordinated lobbying from unelected 
pressure groups) currently limits the possibility for 
deploying transgenic plants nutritionally-enhanced with 
C 2 o PUFAs into the human food chain. One alternative 
for the provision of the health-beneficial PUFAs such as 
EPA sourced from transgenic plants would be to use 
them as feedstuff's in commercial aquaculture. As 
described above, fish accumulate C 20 + PUFAs pri- 
marily as a result of dietary intake of EPA and DHA- 
rich micro-organisms, and not as a result of endogenous 
biosynthetic capacity. This translates into an absolute 
requirement for EPA/DHA in the supplements used to 
feed fish under aquaculture. Thus, it is possible to envisage 
a situation in which EPA-enriched oils, derived from 
transgenic plants, are used to replace current (less sus- 
tainable) "trash" fish sources of these PUFAs in aqua- 
culture. In this way, the significant health benefits of these 
fatty acids could be delivered into the human diet, without 
the requirement for the direct ingestion of GM food. 


6. Conclusions 

Virtually all the genes encoding the enzyme activities 
required for primary C 20 + PUFA biosynthesis have 
now been cloned and functionally characterised, and the 
possibility of heterologous reconstitution of this path- 
way has been demonstrated in yeast. The first steps 
towards the "reverse engineering" of EPA synthesis in 
transgenic plants look extremely promising and it is to be 
anticipated that further advances (via the introduction of 
additional PUFA synthesising activities) will be made. 
The use of transgenic plants to synthesise fish oils may 
not only provide a sustainable source of these important 
fatty acids, but may also help demonstrate the utility of 
GM technology to enhance human health and nutrition. 
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1. I am a citizen of the United Kingdom and am a permanent resident 
of the United States of America, residing at 609 Lore Avenue, Wilmington, 
Delaware 19809. 

2. I received a B, Sc. in biology from the University of Sussex in 1980 
and a D, Phil, in biochemistry and cell biology from Oxford University in 1985, 

3. I served as a research fellow in the Department of Food Science at 
Rutgers University, New Brunswick, N J. 9/87-5/89. 

4. I have been employed at E. L du Pont de Nemours and Company 
(DuPont) since June 1989 and presently work as a principal investigator for 
DuPont's agricultural products and am presently working on expression of 
storage oil genes. 

5. f have authored in excess of fifteen refereed articles in the field of 
biochemistry. 

6. I have reviewed the above-identified case, and the Official Action 
for the subject case dated January 25, 2007. I understand that this 
declaration is being submitted to address the rejections of the pending claims 
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under 35 USC §1 12, first paragraph, and the concerns raised during the 
interview held on February 13, 2007. Specifically, this declaration is intended 
to demonstrate that there are a variety of genes (from various sources) and 
combinations thereof that can be used to engineer the production of omega-3 
fatty acids in oilseed crops. 

It should be noted at the outset that the claimed invention really 
constitutes a pioneering invention which has provided a foundation to help 
other researchers to engineer the production of omega-3 fatty acids in oilseed 
crops. Prior to this disclosure, the possibility that one could produce long 
chain omega-3 fatty acids in the oil fraction of seeds was not known. 

The references discussed below all refer to and cite the ground- 
breaking work that is disclosed and claimed in the above-identified 
application. I truly believe that accomplishments achieved in my laboratory in 
this area are at the forefront of work in this field as evidenced by the extent to 
which others have relied and continue to rely on research foundation that we 
have provided. 

Submitted herewith is a copy of an article co-authored by the 
undersigned and Dr. Howard G. Damude who are also co-inventors of the 
above-identified application. This article was published recently in Lipids on 
or about March 14, 2007 and is entitled "Engineering oilseed plants for a 
sustainable, land-based source of long chain polyunsaturated fatty acids/' 

Attention is kindly invited to the bottom of page3, second column of the 
article specifically, the section labeled "Engineering omega-3 LCPUFA into 
Rants: Fatty Acid Biosynthetic Pathways," This section presents a nice 
overview of information available to those skilled in the art. It is stated on 
page 8 that: 

In contrast to PKS synthases, the pathways of aerobic ARA, 
EPA and DHA synthesis use a series of individual desaturase and 
elongase activities to catalyze the conversion of LNA and ALA to 
LCPUFA (34). For ARA and EPA synthesis this requires the addition of 
2 carbons and two double-bonds to LNA and ALA respectively. ARA 
can be converted to EPA by the action of a third (omega-3) desaturase 
(35). 

Two converging ARA/EPA pathways have been identified in 
LCPUFA-producing organisms (Figure 1); in both pathway types LNA 
and ALA are the metabolic precursors. In the first pathway type, LNA 
and ALA are first desaturated to gamma-linolenic acid [GLA, 
18:3(6,9,12)] and stearidonic acid [STA, 18:4(6,9,12,15)], respectively, 
by a delta-6 fatty acid desaturase. These fatty acids are then elongated 
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to 20-carbons by a microsomal fatty acid elongation complex (28). This 
elongation is initiated by a delta-6 specific beta-ketoacyl-CoA synthase 
enzyme (delta-6 elongase). The 20-carbon ketoacyl-CoA is then 
reduced, dehydrated and reduced again by the elongation complex to 
yield dihomo-gamma-iinolenic acid [DGLA, 20:3(8, 11, 14)] or 
eicosatetraenoic acid [ETA, 20:4(8,11,14,17)]. These fatty acids are 
then desaturated to ARA and EPA respectively by a delta-5 
desaturase. 

In the second pathway type, LNA and ALA are first elongated by 
a delta-9-specific elongase to eicosadienoic acid [EDA T 20:2(11,14)] 
and eicosatrienoic acid [ERA, 20:3(11,14,17)], followed by delta-8 
desaturation to DGLA and ETA, respectively. As in the first pathway, 
these fatty acids are then desaturated to ARA and EPA respectively by 
a delta-5 desaturase. 

Independent of the aerobic pathway utilized, some organisms 
have the added capability of efficiently converting omega-6 fatty acids 
to omega-3 fatty acids by the action of an omega-3 fatty acid 
desaturase (35-39). This desaturation can occur on either 18-carbon or 
20-carbon fatty acids 

It is noted in this article on page 4, column 2, that the soybean study, 
described in WO 2004/071467 which is the PCT equivalent of the above- 
identified application, involved characterization of multiple seed-specific 
promoters and LCPUFA synthetic genes from different microbial sources in 
addition to optimization of promoter-gene cassette combinations and 
orientations in soy. 

Several references were discussed at the above-referenced February 
1 3 interview. 

Robert et al. is one of the references that was discussed during the 
above-identified interview held on February 23, 2007 and in the last Office 
Action and previously filed response. 

Attention is kindly invited to Table 1 appearing on page 105 of Robert 
et al. This table presents a summary of genes, host plants and reported 
LCPUFA proportions in seeds of transgenic plants. 

Another reference that was discussed is Napier et al M Physiologia 
Plantarum 126:398-406 (2006) which is a review of plant metabolic 
engineering of very long-chain polyunsaturated fatty acids in transgenic 
plants. The research that I and my group conducted and which constitutes 
the subject matter of the above-identified application is discussed on page 
402, second column through the first column on page 403. The work of 
Roberts et al. and Wu et al. is also discussed, This review shows that a 
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variety of approaches using different genes and combinations thereof to 
make transgenic plants producing very long-chain polyunsaturated fatty acids. 

One other reference that was discussed at this interview was Wu et al., 
Nature Biotechnology 23(8):1013-1017 (August 2005). This is the same work 
mentioned by Roberts et al. and Napier et al. Wu et al. discussed the 
transgenic production of arachidonic acid in Brassica juncea seeds. 

Parenthetically, a question was raised at the interview regarding 
sources of a delta-17 desaturase other than Saprolgenia diclina. A 
publication from Spychalla et al. PNAS 94:1 142-1147 (1997) describing a 
delta-17 from C. elegans was mentioned during the conversation. A copy of 
this reference is attached hereto. 

Attention is also kindly invited to Wu et al. which describes the use of 
an omega-3 desaturase (D1 7 desaturase) from Phytophtora infestans (Acc# 
CS160901) and EPA increases from average of 1 .4% to 8.1% with concurrent 
decrease in ARA (also WO 2005/083093) 

It is respectfully submitted that; in view of the foregoing, it should be 
clear that there are variety of genes and combinations thereof can be utilized 
to engineer oilseed crops to produce LCPUFAs in oilseed plants. This 
observation is further depicted in Figure 1 of the above-identified pre- 
publication. 

I further declare that all statements made herein of my own knowledge 
are true and that all statements made on information and belief are believed 
to be true; and further that these statements were made with the knowledge 
that willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the 
application or any patent issuing thereon. 



ANTHONY JOHN KINNEY 



Date: 23 M/jgOj 2oo 
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Abstract Numerous clinical studies have demonstrated 
the cardiovascular and mental health benefits of including 
very long chain omega- 3 polyunsaturated fatty acids, 
namely eicospentaenoic acid (EPA) and docosohexaenoic 
acid (DHA) in the human diet. Certain fish oils can be a 
rich source of omega-3 long chain polyunsaturated fatty 
acids although processed marine oils are generally unde- 
sirable as food ingredients because of the associated 
objectionable flavors and contaminants that are difficult 
and cost-prohibitive to remove. Oilseed plants rich in 
omega-3 fatty acids, such as flax and walnut oils, contain 
only the 18-carbon omega-3 polyunsaturated fatty acid 
alpha-linolenic acid, which is poorly converted by the 
human body to EPA and DHA. It is now possible to 
engineer common omega-6 rich oilseeds such as soybean 
and canola to produce EPA and DHA and this has been the 
focus of a number of academic and industrial research 
groups. Recent advances and future prospects in the pro- 
duction of EPA and DHA in oilseed crops are discussed 
here. 


Abbreviations 

LCPUFA Long chain polyunsaturated fatty acids 

DHA Docosahexaenoic acid 

EPA Eicosapentaenoic acid 

ARA Arachidonic acid 

COX-2 Cyclooxygenase-2 

LNA Linoleic acid 
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ALA 

Alpha-linolenic acid 

GLA 

Gamma-linolenic acid 

STA 

Stearidonic acid 

DGLA 

Dihomo-gamma-linolenic acid 

ETA 

Eicosatetraenoic acid 

EDA 

Eicosadienoic acid 

ERA 

Eicosatrienoic acid 

DPA 

Docosapentaenoic acid 

CoA 

Coenzyme A 

PtdCho 

Phosphatidylcholine 

LPAAT 

Lysophosphatidic acid acyltransferase 

SCA 

Sciadonic acid 

JUN 

Juniperonic acid 

PKS 

Polyketide synthase 


Manipulating the Fatty Acid Content of the Human 
Diet 

The main sources of oils and fats in the human diet are 
oilseed crop plants, mostly soy, canola (oilseed rape), 
palm, peanut and sunflower. Many of the oils from these 
crops are rich in 18-carbon omega-6 fatty acids. It has been 
demonstrated that excess consumption of omega-6 fatty 
acids leads to the depletion of omega-3 fatty acids in hu- 
man body tissues, with numerous negative health conse- 
quences [ 1 ] . Hydrogenated or partially hydrogenated 
vegetable oils also contribute to the sensory characteristics 
of numerous processed food products. Edible vegetable oils 
are hydrogenated to improve shelf-life, maintain the flavor 
and provide the expected mouth-feel and consistency of 
oil-containing foods [2]. Hydrogenation leads to the for- 
mation of trans unsaturated fatty acids, which provide the 
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necessary solid-fat functionality for certain food applica- 
tions. However, the negative health consequences of trans 
unsaturated fatty acid consumption on human health has 
become better understood in recent years [3]. 

The first successful attempts of genetically manipulating 
the fatty acid profile of omega-6 oilseed crops were fo- 
cused on the redirection of fatty acid biosynthesis in the 
developing seed, either by blocking specific steps, such as 
fatty acid desaturation [4], or introducing single enzyme 
activities to redirect fatty acid synthesis to new end prod- 
ucts that provided the required functionality [5]. By these 
means it was possible to improve the oxidative stability and 
provide a solid fat functionality in vegetable oils without 
the need for hydrogenation and the consequent formation 
of trans fatty acids [6, 7]. 

With advances in gene expression technology it is now 
possible to consider more complex manipulations of plant 
cell lipid metabolism, such as the introduction of entire 
metabolic pathways. Thus it is theoretically possible, for 
example, to transfer a metabolic pathway for EPA or DHA 
synthesis from a marine organism to an oilseed crop plant. 
This would provide an abundant, clean, sustainable and 
relatively inexpensive source of omega-3 long chain 
polyunsaturated fatty acids for the human diet. Here we 
discuss metabolic engineering efforts to achieve this goal. 

Long Chain Polyunsaturated Fatty Acids Human 
Health 

Long chain polyunsaturated fatty acids (LCPUFA) are 
important components of cell membrane phospholipids in 
humans. Docosahexaenoic acid (DHA, 22:6 [4, 7, 10, 13, 
16, 19]), for example, is an important component of 
mammalian retinal and brain membranes and has been 
shown to play a role in the cognitive development of in- 
fants as well as the mental health of adults [8, 9, 10]. 
Numerous studies [11—14] have shown cardiovascular 
health benefits arising from the consumption of eicosa- 
pentaenoic acid (EPA, 20:5 [5, 8, 11, 14, 17]). LCPUFA 
are also precursors to the eicosanoid family of metabolites 
which include prostaglandins, leukotrienes, thromboxanes 
[15, 16]. These molecules regulate certain key metabolic 
functions in the human body, such as inflammatory re- 
sponses and the induction of blood clotting as well as the 
regulation of blood pressure [17]. Eicosanoids derived 
from omega-6 LCPUFA, such as arachidonic acid (ARA, 
20:4 [5, 8, 11, 14]), are generally pro-inflammatory while 
those derived from omega-3 LCPUFA, such as eicosa- 
pentaenoic acid, are anti-inflammatory [12, 16, 18]. 

The first step in eicosanoid biosynthesis from LCPUFA 
is catalyzed by the cyclooxygenase-2 (COX-2) enzyme 
[16], which can utilize either ARA or EPA as a substrate. 


Thus, in addition to the anti-inflammatory action of omega- 
3-derived eicosanoids themselves, the anti-inflammatory 
action of EPA can be attributed to its competitive inhibi- 
tion of ARA for COX-2 [18]. Thus an optimal balance of 
omega-3 and omega-6 LCPUFA must be achieved to 
maintain a healthy state. 

Direct inhibition of COX-2 activity is the mechanistic 
basis of a whole class of non-steroidal, anti-inflammatory 
pharmaceuticals used in the treatment of arthritis and 
similar conditions. However, while EPA and DHA are 
beneficial to cardiovascular health, preventing their con- 
version to eicosanoids by anti- arthritis pharmaceuticals can 
result in various negative cardiovascular side effects. In- 
deed negative cardiovascular side effects have been 
attributed to the use of some COX-2 selective inhibitors in 
some individuals [19]. It is apparent, therefore, that 
achieving a balanced dietary intake of omega-6 and omega- 
3 fatty acids is the most preferred means of preventing 
negative inflammation responses and of maintaining 
cardiovascular health for large segments of the population. 

Eicosapentaenoic acid and ARA can be synthesized in 
the human body from the essential dietary fatty acids li- 
noleic acid (LNA, 18:2 [9, 12]) or alpha-linolenic acid 
(ALA, 18:3 [9, 12, 15]), respectively [20]. The conversion 
of LNA and ALA to ARA and EPA is relatively inefficient 
and EPA, DHA and ARA can also be obtained more effi- 
ciently directly from the diet, mainly from the consumption 
of fish and fish-oil [16, 20]. In Western societies, the dietary 
ratio of omega-6 to omega-3 fatty acids has shifted heavily 
toward omega-6 fatty acids over the past 60 years [21]. This 
shift is the result of an overall decrease in the consumption 
of fish and fish oils, which contain high levels of omega-3 
LCPUFA, as well as a large increase in the consumption of 
omega-6 -containing foods, such as common vegetable oils 
or grain-fed meat and poultry [21]. By some estimate the 
current omega-6 to omega-3 intake in the human diet is as 
much as 30-fold too high [21, 23]. This has led to a general 
imbalance of ARA and EPA in the blood stream with 
numerous possible negative consequences [21]. Thus con- 
sumption of foods rich in omega-3 LCPUFA may help to 
correct this imbalance by shifting the omega-6 to omega-3 
fatty acid ratio to more optimal levels in the human body. 

An increasing demand for fish and fish oils high in 
omega-3 LCPUFA is putting an even greater stress on an 
already overexploited resource [24]. In addition, the cost 
associated with removing objectionable odors and flavors, 
as well as contaminants such as mercury and PCBs, gen- 
erally limits the use of fish oils as food ingredients [25, 26]. 
Microalgal-derived omega-3 oils produced through fer- 
mentation are free from the contaminants found in fish oils 
but their high cost restricts their use to infant formula and 
medical foods and generally prohibit their inclusion in 
common food products. 
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A potentially cost-effective and sustainable alternative 
would be to engineer a biosynthetic pathway for omega-3 
LCPUFA-production into a land-based host, such as a 
commercial oilseed crop. Since most cold water marine fish 
oils have very low levels of omega-6 fatty acids (2-5%) 
and a combined omega-3 LCPUFA content of 10-25% 
(EPA + DHA), this composition provides a suitable com- 
mercial target for omega-3 LCPUFA in plants. 

Engineering omega-3 LCPUFA into Plants: Polyketide 
Biosynthetic Pathways 

Although many cold-water fish are capable of synthesizing 
LCPUFA from LNA and ALA, the typically high content 
of EPA and DHA found in their body oils can only be 
attained through their dietary intake of LCPUFA [27]. For 
large marine carnivores, such as tuna and salmon, sub- 
stantial amounts of LCPUFA are obtained by eating 
smaller fish, such as Menhaden. For the small fish the main 
sources of LCPUFA are marine microorganisms such as 
diatoms, golden-brown algae, green algae, blue-green 
algae, microbial fungi and dinoflagellates, all of which are 
rich in LCPUFA synthesized de novo by one of two classes 
of biochemical pathway. These two classes are the anaer- 
obic polyketide synthase pathways [28] and the aerobic 
fatty acid desaturation/elongation pathways [29]. 

Polyketides are a very broad group of secondary 
metabolites that are usually defined by their method of 
synthesis; that is, the iterative addition of carbon to a 
growing acyl-ACP chain catalyzed by a single enzyme 
complex known as a polyketide synthase (PKS). These 
PKS complexes catalyze reactions analogous to those of 
fatty acid metabolism [30]. But whereas aerobic fatty acid 
synthesis is the result of over 30 distinct enzyme activities, 
a PKS synthase consists of a single, multidomain enzyme 
with subunits encoded by only three or four open reading 
frames in the genome of the polyketide-producing organ- 
ism [30]. While most PKS products, such as aflatoxins and 
antibiotics, are highly derivatized and cyclized acyl chains 
some marine organisms use PKS -type complexes to syn- 
thesize EPA or DHA. In general, the species of LCPUFA 
produced by these organisms is specific to the particular 
polyketide synthase they contain [28]. In some cases, a 
single organism may contain both PKS and fatty acid 
synthase pathways for EPA or DHA synthesis. For exam- 
ple, a complete PKS type DHA-synthase has been cloned 
and characterized from a number of Thraustochytid 
species, as have various fatty acid synthase- type enzymes 
involved in EPA and DHA synthesis [31, 32], 

Genes encoding the three subunits of a Schizochytrium 
PKS that catalyzes the synthesis of DHA from malonyl- 
CoA have been expressed in yeast. When co-expressed 


with a phosphopantetheinyl transferase (PPT) from Nostoc, 
essential for activating the ACP domains of the DHA- 
synthase PKS, the yeast are able to produce small amounts 
(2.5%) of DHA [33]. Presumably, the ultimate intent is to 
transfer the Schizochytrium PKS and Nostoc PPT genes 
into an oilseed plant with the goal of producing DHA in the 
seed oil, although there are no published reports to date of 
the success or otherwise of this approach. 

Engineering omega-3 LCPUFA into Plants: Fatty Acid 
Biosynthetic Pathways 

In contrast to PKS synthases, the pathways of aerobic 
ARA, EPA and DHA synthesis use a series of individual 
desaturase and elongase activities to catalyze the conver- 
sion of LNA and ALA to LCPUFA [34]. For ARA and 
EPA synthesis this requires the addition of two carbons and 
two double-bonds to LNA and ALA respectively. ARA can 
be converted to EPA by the action of a third (omega-3) 
desaturase [35]. 

Two converging ARA/EPA pathways have been iden- 
tified in LCPUFA-producing organisms (Fig. 1); in both 
pathway types LNA and ALA are the metabolic precursors. 
In the first pathway type, LNA and ALA are first desatu- 
rated to gamma-linolenic acid (GLA, 18:3 [6, 9, 12]) and 
stearidonic acid (STA, 18:4 [6, 9, 12, 15]), respectively, by 
a delta-6 fatty acid desaturase. These fatty acids are then 
elongated to 20-carbons by a microsomal fatty acid elon- 
gation complex [28]. This elongation is initiated by a delta- 
6 specific beta-ketoacyl-CoA synthase enzyme (delta-6 
elongase). The 20-carbon ketoacyl-CoA is then reduced, 
dehydrated and reduced again by the elongation complex to 
yield dihomo- gamma-linolenic acid (DGLA, 20:3 [8, 11, 
14]) or eicosatetraenoic acid [ETA, 20:4 [8, 11, 14, 17]). 
These fatty acids are then desaturated to ARA and EPA 
respectively by a delta-5 desaturase. 

In the second pathway type, LNA and ALA are first 
elongated by a delta- 9- specific elongase to eicosadienoic 
acid (EDA, 20:2 [13, 14]) and eicosatrienoic acid (ERA, 
20:3 [11, 14, 17]), followed by delta-8 desaturation to 
DGLA and ETA, respectively. As in the first pathway, 
these fatty acids are then desaturated to ARA and EPA, 
respectively by a delta-5 desaturase. 

Independent of the aerobic pathway utilized, some 
organisms have the added capability of efficiently con- 
verting omega-6 fatty acids to omega-3 fatty acids by the 
action of an omega-3 fatty acid desaturase [35-39]. This 
desaturation can occur on either 18-carbon or 20-carbon 
fatty acids. 

In most organisms, conversion of EPA to DHA occurs 
by delta-5/C20 elongation of EPA to docosapentaenoic 
acid (DPA, 20:5 [7, 10, 13, 16, 19]) followed by delta-4 
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Fig. 1 Aerobic LCPUFA biosynthetic pathways in marine microbes. 
The delta-6 pathway is shown with a delta-6 desaturase (A6 Des) and 
delta-6 elongase (A6 Elo) and the delta-9 pathway is shown with a 
delta-9 elongase (A9 Elo) and a delta- 8 desaturase (A8 Des) Both 
pathways utilize a delta-5 desaturase (A5 Des). All pathway enzymes 
utilize both omega-3 and omega-6 fatty acid substrates and this is 
indicated with a dotted line. Conversion of 18 carbon, 20 carbon or 22 
carbon omega-6 fatty acids to omega-3 fatty acids is catalyzed by the 
delta-15 desaturase (A15 Des), delta-17 desaturase (A17 Des) and 
possibly by a hypothetical delta- 19 desaturase (A19 Des*), respec- 
tively. Elongation of ARA or EPA is catalyzed the A5/C20 elongase 
(A5/C20 Elo) and further delta-4 desaturation by the delta-4 
desaturase (A4 Des) 

desaturation to DHA [29]. In humans and some other 
mammals, DHA synthesis is considerably more complex, 
involving two further elongations, a desaturation and beta- 
oxidation in a separate cellular compartment [34]. 

Among the first published descriptions of expression of 
a fatty acid-type LCPUFA pathway in plants was a report 
describing the constitutive expression of a delta-9 elongase 
pathway using genes from the microalgae Isochrysis 
galbana and Euglena gracilis and the microbial fungus 
Mortierella alpina in the model plant Arabidopsis [40]. 
Individual pathway genes (delta-9 elongase, delta-8 


desaturase, delta-5 desaturase) were each linked to a Ca35S 
promoter and resulting EPA contents as high as 3.0% and 
ARA contents up to 6.6% were produced in Arabidopsis 
leaves. The ratio of omega-3 to omega-6 ratio fatty acids 
(2.2:1) was slightly lower in the transgenic plants than that 
for wild-type Arabidopsis leaves (3.5:1), but the new ratio 
was still in the range commonly found in fish oils [22]. A 
number of pathway intermediates and pathway by-products 
not commonly found in fish oils were also observed. These 
results were a significant proof-of-concept for expressing 
LCPUFA pathways in plants; however, Arabidopsis leaves 
could not be an economic production platform for these 
lipids. 

In another report, published around the same time as the 
Arabidopsis study, Abbadi et al. [41] demonstrated very 
minor accumulation (less than 2%) of ARA and EPA in 
tobacco and flax seeds expressing a microbial delta-6 type 
pathway with genes from the diatom Phaeodactylum tri- 
cornutum and the fungus Physcomitrella patens. As in the 
Arabidopsis study there was substantial accumulation of 
pathway intermediates, mostly GLA and STA. 

Thus, 18-carbon fatty acid elongation appeared to be 
limiting in the delta-6 pathway experiments (elongation 
was estimated to be around 10% in both tobacco and flax) 
but not in the delta-9 pathway experiments (where elon- 
gation in Arabidopsis was estimated to be about 36%). 
Poor elongation of delta-6 fatty acids was attributed to the 
low pool of the delta-6 acyl-CoA (GLA-CoA, STA-CoA) 
which are the main substrates for the delta-6 elongase. The 
low delta-6 acyl-CoA pools were probably the result of 
poor acyl -exchange of these lipids from the phospholipid 
substrates of the delta-6 desaturase to the acyl-CoA sub- 
strates for elongation. The pools of LNA-CoA and ALA- 
CoA for delta-9 elongation were presumably not limiting in 
the Arabidopsis study since these acyl species are the major 
fatty acids found in Arabidopsis leaf lipids. In a later study 
[42] the abundance of EPA in Brassicca juncea expressing 
a delta-6 pathway was increased to as high as 15% partly 
by including a gene encoding a lysophosphatidyl acyl- 
transferase from Thraustochytrium sp. This acyltransferase 
presumably increased the exchange of delta-6 acyl groups 
for acyl-phospholipids to acyl-CoAs for elongation. 

However, a third report from 2004, describing com- 
mercially-significant amounts of LCPUFA in plant seeds 
reported good delta-6 elongation and a high abundance of 
EPA without the use of additional acyltransf erases [43]. In 
this study, a delta-6 desaturase-type pathway from M. 
alpina was expressed in the agronomic ally-important oil- 
seed crop soybean, under control of strong, seed-specific 
promoters. In addition to the delta-6 pathway-genes (delta- 
6 desaturase, delta-6 elongase, delta-5 desaturase), the 
omega-6 ratio was increased from 0.2:1 (the normal soy- 
bean ratio) to 1.5:1 (a ratio close to that of many fish oils) 
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by concomitant expression of an Arabidopsis Fad 3 gene 
[44] and a Saprolegnia diclina delta- 17 desaturase [39, 45]. 

The soybean study was the result of extensive charac- 
terization of multiple seed specific promoters and LCPUFA 
biosynthetic genes from different microbial sources, as 
well as optimization of promoter-gene cassette combina- 
tions and orientations in soy. Using this approach soybean 
seeds with an EPA content as high as 19.5% were produced 
with virtually no ARA. The low ARA content was attrib- 
uted to the use of the S. diclina delta- 17 desaturase. 
Additionally, the DHA precursor, DPA was found in high 
EPA lines at an abundance of about 4%, a result of the 
additional activity of the M. alpina delta-6 elongase to- 
wards the delta-5 fatty acid EPA. This same elongase had 
virtually no delta-5 EPA-elongating activity when ex- 
pressed in yeast [46]. 

As in the other plant studies, pathway intermediates and 
by-products were present (35% in total). Unlike the flax 
and tobacco studies however, fatty acid elongation was not 
limiting in soybean. The total 20-carbon fatty acid content 
was as high as 40.2% representing 56% elongation of 
18-carbon substrates. 

In a more recent study, in which a similar set of 
LCPUFA biosynthetic genes for the same source were 
expressed (but without the omega-3 desaturases since the 
intent was to produce ARA), a very low abundance of total 
LCPUFA was observed (2.1%) in soy embryos [47]. The 
authors conclude that, as demonstrated in the soybean work 
of Kinney et al. [43], the careful combination of specific 
genes with individual promoters, gene cassette design and 
the screening of numerous events is crucial to obtaining the 
correct balance and a significant abundance of the desired 
LCPUFA in plants. Similar conclusions around the need 
for unique seed- specific promoters and pathway flux opti- 
mization were reached by Robert et al. [48] who expressed 
genes from a species of zebrafish (Danio rerio) and 
Caenorhabditis elegans in Arabidopsis seeds and observed 
a total LCPUFA content (ARA + EPA + DHA) of only 
4.2%. 

The flux to omega-3 fatty acids has since been further 
improved in soybean embryos [49] by the use of a novel, 
bifunctional delta- 12/delta- 15 desaturase from Fusarium 
moniliforme [39] in place of the Arabidopsis omega-3 
desaturase. In the best events, the overall omega-3 fatty 
acid content was as high as 57% of total fatty acids. The 
Fusarium delta- 15 desaturase was shown to be very active 
in soybean and when expressed alone, lead to ALA con- 
tents as high as 72%. It also had broad substrate specificity 
for numerous omega-6 fatty acids including LNA > 
GLA > DGLA > ARA [38], which further increases its 
usefulness in an LCPUFA pathway. Further LCPUFA 
pathway flux optimization and reduction in non-target fatty 
acids has since been achieved by further selection of the 


types of desaturases and elongases used, codon optimiza- 
tion of microbial genes for plants and engineering optimal 
enzyme specificities (Damude and Kinney, unpublished 
data). 

Replacing Fish Oils with Transgenic Plant Oils 

In the soybean study above, Kinney et al. [43] reported a 
relative abundance of DHA in soybean somatic embryo oil 
of up to 3.3%, which was the first demonstration of DHA in 
an oilseed plant. Soy somatic embryos are equivalent to the 
zygotic embryos of seeds [50]. This was achieved by the 
addition of a delta-5 elongase from Pavlova sp. [45] and a 
delta-4 desaturase from Schizochytrium aggregatum [51] in 
addition to the EPA biosynthetic pathway genes described 
above. The delta-4 desaturase used was highly active in 
plants with, in some cases, close to 100% conversion of 
DPA to DHA. In two other studies [42, 48], DHA was 
produced in a relative abundance of 0.5-1.5%. These are 
important milestones since all fish oils contain a mixture of 
EPA and DHA and thus the realization of a plant -based fish 
oil substitute appears to be on the horizon. Nevertheless, key 
challenges remain in obtaining a plant-based oil that is 
substantially similar to other commercially available fish 
oils. The first target will be to produce an EPA plus DHA 
plant oil with DHA comprising at least 10% of the total fatty 
acids, close to that of some marine oils. Although the highest 
abundance of DHA reported so far is less than 4%, current 
technology will allow for this abundance to be increased 
around threefold while maintaining an EPA abundance in 
the 10-15% range and this will provide an effective marine 
oils substitute. It will also be important to keep omega-6 
fatty acids, pathway intermediates and pathway by-products 
to a minimum. It is now understood that by achieving the 
correct balance of relative gene expression and optimum 
metabolic flux through the engineered pathway it is possible 
to meet these criteria in commercial oilseed plants. Of 
course, once a seed oil having the desired target fatty acid 
composition has been achieved, there remains the key reg- 
ulatory and agronomic challenges that face all new trans- 
genic crop plants. However, the promising use of plant seed 
oils modified by biotechnology to produce n-3 long chain 
fatty acids will provide a readily available source of these 
important fatty acids in the future, overcoming the problems 
associated with obtaining n-3 LCPUFA from declining 
ocean fish supplies. 

References 

1. Lands WEM (2005) Dietary fat and health: the evidence and the 
politics of prevention: careful use of dietary fats can improve life 
and prevent disease. Ann NY Acad Sci 1055:179-192 


35 


£ Springer 


EVIDENCE APPENDIX C 


Lipids 


2. Stauffer CE (1996) Fats and Oils. Eagan Press, St Paul 

3. Korver O, Katan MB (2006) The elimination of trans fats from 
spreads: how science helped to turn an industry around. Nutr Rev 
64:275-279 

4. Kinney AJ, Knowlton S (1998) Designer oils: the high oleic 
soybean. In: Roller S, Harlander S (eds) Genetic modification in 
the food industry. Blackie, London 

5. Del Vecchio AJ (1996) High laurate canola. Inform 7:230-243 

6. Voelker T, Kinney AJ (2001) Variations in the biosynthesis of 
seed-storage lipids. Annu Rev Plant Physiol Mol Biol 52:335- 
361 

7. Coughlan SJ, Kinney AJ (2002) Transgenic plants as sources of 
modified oils. In: Oksman-Caldentey KM, Barz WH (eds) Plant 
biotechnology and transgenic plants. Marcel Dekker, New York 

8. Willatts P, Forsyth JS (2000) The role of long-chain polyunsat- 
urated fatty acids in infant cognitive development. Prostaglandins 
Leukot Essent Fatty Acids 63:95-100 

9. Iribarren C, Markovitz JH, Jacobs DR Jr, Schreiner PJ, Daviglus 
M, Hibbeln JR (2004) Dietary intake of n-3, n-6 fatty acids and 
fish: relationship with hostility in young adults- the CARDIA 
study. Eur J Clin Nutr 58:24-31 

10. Stoll AL, Damico KE, Daly BP, Severus WE, Marangell LB 
(2001) Methodological considerations in clinical studies of 
omega 3 fatty acids in major depression and bipolar disorder. 
World Rev Nutr Diet 88:58^67 

11. Dyerberg J, Bang HO (1982) A hypothesis on the development of 
acute myocardial infarction in Greenlanders. Scand J Clin Lab 
Inves Suppl 161:7-13 

12. Simopoulos AP (2006) Evolutionary aspects of diet, the Omega- 
6/Omega-3 ratio, and gene expression. In: Meskin MS, Bidlack 
WR, Randolph RK (eds) Phytochemicals. CRC Press LLC, Boca 
Raton 

13. Napier JA, Beaudoin F, Michaelson LV, Sayanova O (2004) The 
production of long chain polyunsaturated fatty acids in transgenic 
plants by reverse engineering. Biochimie 86:785-792 

14. Napier J A, Sayanova O, Qi B, Lazarus CM (2004) Progress to- 
ward the production of long-chain polyunsaturated fatty acids in 
transgenic plants. Lipids 39:1067-1075 

15. Funk C (2001) Prostaglandins and leukotriences: advances in 
eicosanoid biology. Science 294:1871-1875 

16. Smith W (2005) Cyclooxygenases, peroxide tone and the allure 
of fish oil. Curr Opin Cell Biol 17:17^182 

17. Yaqoob P (2003) Fatty acids and the immune system: from basic 
science to clinical applications. Proc Nutr Soc 63:89-104 

18. Calder PC (2003) n-3 polyun saturated fatty acids and inflam- 
mation: from molecular biology to the clinic. Lipids 38:343-352 

19. Mukherjee D, Nissen SE, Topol EJ (2001) Risk of cardiovascular 
events associated with selective COX-2 inhibitors. JAMA 
286:954-959 

20. Sprecher H (2000) Metabolism of highly unsaturated n-3 and n-6 
fatty acids. Biochim Biophys acta 1486:219-231 

21. Hibbeln DR, Nieminen LRG, Lands WEM (2004) Increasing 
homicide rates and linoleic acid consumption among five Wes- 
tern countries, 1961-2000. Lipids 39:1207-1213 

22. Sargent JR (1997) Fish oils and human diet. Br J Nutr 78:S5-S13 

23. Simopoulos AP (1999) Essential fatty acids in health and chronic 
disease. Am J Clin Nutr 70:560S-569S 

24. Pauly D, Christensen V, Guenette S, Pitcher TJ, Sumaila UR, 
Walters CJ, Watson R, Zeller D (2000) Towards sustainability in 
world fisheries. Nature 418:689-695 

25. Jacobs MN, Covaci A, Gheorghe A, Schepens P (2004) Time 
trend investigation of PCBs, PBDEs, and organochlorine pesti- 
cides in selected n-3 polyunsaturated fatty acid rich dietary fish 
oil and vegetable oil supplements; nutritional relevance for hu- 
man essential n-3 fatty acid requirements. J Agric Food Chem 
52:1780-1788 


26. Hites RA, Foran JA, Carpenter DO, Hamilton MC, Knuth BA, 
Schwage SJ (2004) Global assessment of organic contaminants in 
farmed salmon. Science 303:226-229 

27. Bell JG, McGhee F, Campbell PJ, Sargent JR (2003) Rapeseed 
oil as an alternative to marine fish oil in diets of post-smolt 
Atlantic salmon (Salmo salar): changes in flesh fatty acid com- 
position and effectiveness of subsequent fish oil "wash out". 
Aquaculture 218:515-528 

28. Metz JG, Roessler P, Facciotti D, Levering C, Dittrich F, Lassner 
M, Valentine R, Lardizabal K, Domergue F, Yamada A, Yazawa 
K, Knauf V, Browse J (2001) Production of polyunsaturated fatty 
acids by polyketide synthases in both prokaryotes and eukaryotes. 
Science 293:290-293 

29. Sayanova O, Napier J A (2004) Eicosapentaenoic acid: biosyn- 
thetic routes and the potential for synthesis in transgenic plants. 
Phytochemistry 65:147-158 

30. Bentley R, Bennett JW (1999) Constructing polyketides: from 
Collie to combinatorial biochemistry. Annu Rev Microbiol 
53:411^156 

31. Metz JG, Weaver CA, Barclay WR, Flatt JH (2004) Polyunsat- 
urated fatty acid polyketide synthase genes and enzyme systems 
from Thraustochytrium and Schizochytrium and their use for 
preparation of bioactive molecules. PCT Int Appl 
WO2004087879 

32. Qiu X, Hong H, Mackenzie SL (2001) Identification of a A4 fatty 
acid desaturase from Thraustochytrium sp. involved in the bio- 
synthesis of docosahexaenoic acid by heterologous expression in 
Saccharomyces cerevisiae and Brassica juncea. J Biol Chem 
276:31561-31566 

33. Metz JG, Kuner J, Weaver C, Zirkle R, Rosenzweig B, Hau- 
vermale A, Lippmeier C (2006) PUFA synthases: biochemical 
characterization and heterologous expression in bacteria and 
yeast. In: 17th International symposium on plant lipids, Michigan 
State University, East Lansing 

34. Wallis JG, Watts JL, Browse J (2002) Polyunsaturated fatty acid 
synthesis: what will they think of next? Trends Biochem Sci 
27:467^173 

35. Spychalla JP, Kinney AJ, Browse J (1997) Identification of an 
animal omega-3 fatty acid desaturase by heterologous expression 
in Arabidopsis. Proc Natl Acad Sci USA 18:1142-1147 

36. Oura T, Kajiwara S (2004) Saccharomyces kluyveri FAD 3 en- 
codes an co3 fatty acid desaturase. Microbiology 150:1983-1990 

37. Pereira SL, Huang YS, Bobik EG, Kinney AJ, Stecca KL, Packer 
JC, Mukerji P (2004) A novel omega3 -fatty acid desaturase in- 
volved in the biosynthesis of eicosapentaenoic acid. Biochem J 
378:665-671 

38. Sakuradani E, Abe T, Iguchi K, Shimizu S (2005) A novel fungal 
o;3 -desaturase with wide substrate specificity from arachidonic 
acid-producing Mortierella alpina 1S-4. Appl Microbiol Bio- 
technol 66:648^654 

39. Damude HG, Zhang H, Farrall L, Ripp KG, Tomb JF, Hollerbach 
D, Yadav NS (2006) Identification of Afunctional A12/co3 fatty 
acid desaturases for improving the ratio of co3 to oj6 fatty acids in 
microbes and plants. PNAS 103:9446-9451 

40. Qi B, Fraser T, Mugford S, Dobson G, Sayanova O, Butler J, 
Napier JA, Stobart AK, Lazarus CM (2004) Production of very 
long chain polyunsaturated omega-3 and omega-6 fatty acids in 
plants. Nat Biotechnol 22:739^15 

41. Abbadi A, Domergue F, Bauer J, Napier JA, Welti R, Zahringer 
U, Cirpus P, Heinz E (2004) Biosynthesis of very- long- chain 
polyunsaturated fatty acids in transgenic oilseeds: constraints on 
their accumulation. Plant Cell 16:2734-2748 

42. Wu G, Truksa M, Datla N, Vrinten P, Bauer J, Zank T, Cirpus P, 
Heinz E, Qiu X (2005) Stepwise engineering to produce high 
yields of very long-chain polyunsaturated fatty acids in plants. 
Nat Biotechnol 23:1013-1017 


^Springer ^©CS^ 


36 


Lipids 


EVIDENCE APPENDIX C 


43. Kinney AJ, Cahoon EB, Damude HG, Hitz WD, Kolar CW, Liu 
ZB (2004) Production of very long chain polyunsaturated fatty 
acids in oilseed plants. PCT Int Appl WO2004071467 

44. Yadav NS, Wierzbicki A, Aegerter M, Caster CS, Perez-Grau L, 
Kinney AJ, Hitz WD, Booth JR Jr, Schweiger B et al (1993) 
Cloning of higher plant co-3 fatty acid desaturases. Plant Physiol 
103:467^76 

45. Pereira SL, Leonard AE, HuangYS, Chuang LT, Mukerji P 
(2004) Identification of two novel microalgal enzymes involved 
in the conversion of the ca3 -fatty acid, eicosapentaenoic acid, into 
docosahexaenoic acid. Biochem J 384:357-366 

46. Parker-Barnes JM, Das T, Bobik E, Leonard AE, Thurmond JM, 
Chaung YSH, Mukerji P (2000) Identification and characteriza- 
tion of an enzyme involved in the elongation of n-6 and n-3 
polyunsaturated fatty acids. PNAS 97:8284-8289 

47. Chen R, Matsui K, Ogaw M, Oe M, Ochiai M, Kawashima H, 
Sakuradani E, Shimizu S, Ishimoto M, Hayashi M, Murooka Y, 
Tanaka Y (2006) Expression of A6, A5 desaturase and GLELO 


elongase genes from Mortierella alpina for production of ara- 
chidonic acid in soybean [Glycine max (L.) Merrill] seeds. Plant 
Sci 170:399-406 

48. Robert S, Singh SP, Zhou XR, Petrie JR, Blackburn SI, Mansour 
PM, Nichols PD, Liu Q, Green A (2005) Metabolic engineering 
of Arabidopsis to produce nutritionally important DHA in seed 
oil. Funct Plant Biol 32:473^179 

49. Damude H, Yadav NS (2005) Cloning and sequences of fungal 
A15 desaturases suitable for production of polyunsaturated fatty 
acids in oilseed plants for food or industrial uses. PCT Int Appl 
WO2005047479 

50. Kinney AJ (1996) Development of genetically engineered soy- 
bean oils for food applications. J Food Lipids 3:273-292 

51. Mukerji P, Huang YS, Das T, Thurmond JM, Leonard AE, 
Pereira SL (2002) Protein and cDNA sequences of delta4-desat- 
urases isolated from fungi and therapeutical uses thereof. PCT Int 
Appl WO2002090493 


37 


Springer /£CS* 


EVIDENCE APPENDIX D 



AFJNE 

"HNCXOGY 


Production of Eicosapentaenoic and Docosahexaenoic 
Acid-Containing Oils in Transgenic Land Plants 
for Human and Aquaculture Nutrition 

Stanley S. Robert 

Food Futures National Research Flagship Division of Marine and Atmospheric Research, Commonwealth Scientific and Industrial 
Research Organisation (CSIRO), Hobart, Tasmania 700 1, Australia 


Received: 25 September 2005 / Revised: 16 October 2005 / Published online: 26 December 2005 


Abstract 

A large body of evidence suggests that there is a 
significant underconsumption of omega-3, long- 
chain, polyunsaturated fatty acids (LC-PUFAs) and 
that this is the cause of multiple chronic diseases 
and developmental aberrations. The scope for in- 
creasing omega-3 LC-PUFA consumption from sea- 
food is limited because global wild fisheries are 
unable to increase their harvests, and aquaculture 
fisheries currently rely on wild fisheries as a source 
of LC-PUFAs. Agricultural production of oils is 
highly efficient and has the potential to be sustain- 
able. The transfer of genes from marine microalgae 
and other microorganisms into oilseed crops has 
shown that the production of terrestrial omega-3 
LC-PUFA oils is indeed possible. The specifications 
of these oils or whole seeds for use in human and 
Atlantic salmon [Salmo salar) aquaculture nutrition 
are discussed. 

Keywords: docosahexaenoic acid — eicosapentae- 
noic acid — nutrition — transgenic 


Medical evidence accumulated over the last two 
decades strongly demonstrates that too low a 
consumption of omega-3 long- chain polyunsaturat- 
ed fatty acids (LC-PUFAs) increases the incidence of 
cardiovascular disease (Hu and Willett, 2002; Lee 
and Lip, 2003; Shahidi and Miraliakbari, 2004), 
cancer (Rose and Connolly, 1999; Wen et al., 2003; 
Reddy, 2004; Roynette et al., 2004), stroke (Hankey 
and Jamrozik, 1996), diabetes (Coste et al., 2003; Seo 
et al., 2005), inflammatory disease (Simopoulos, 
2002; Nagel et al., 2003), neuropsychiatric disorders 


Correspondence to: Stanley S. Robert; E-mail: stan.robert@csiro.au 


(Reddy and Yao, 2003), and many other conditions 
prevalent in countries with a Western-style diet 
(Simopoulos, 2004). 

Currently the best source of omega-3 LC-PUFAs 
is seafood. In developed countries such as Australia, 
the United States, and the United Kingdom, seafood 
consumption is very low. In Australia, for example, 
the median intake of the two most beneficial omega- 
3 LC-PUFAs, eicosapentaenoic acid (EPA) and doco- 
sahexaenoic acid (DHA), is 30 mg/day (Australian 
Bureau of Statistics, 1995). Although a recommen- 
ded daily intake (RDI) has not yet been established 
for EPA and DHA, the guidelines range from 450 
mg/day recommended by the UK Food Standards 
Agency, to 500 mg/day recommended by the Inter- 
national Society for the Study of Fatty Acids and 
Lipids (ISSFAL), to 650 mg/day of combined EPA 
and DHA recommended by expert groups from 
Australia, who indicate that DHA should represent 
a minimum of 220 mg (Simopoulos et al., 1999; 
Nichols, 2004). 

Besides the cultural issues associated with 
increasing seafood consumption such that these 
guidelines are met, there is a serious pragmatic 
problem. Global wild fisheries have not increased 
their catch rates over the last decades despite 
increasing effort (Myers and Worm, 2003). There is 
ample evidence that most wild fisheries have either 
reached a plateau or are on the decline (Caddy and 
Garibaldi, 2000). Globally, aquaculture is growing 
rapidly; in 2000 its yield was 40% that of wild 
fisheries but it is expected to surpass the yield of 
wild fisheries by 2020-2025 (Tacon, 2003). Carniv- 
orous aquacultured species, such as Atlantic salmon 
[Salmo salar), have traditionally relied on omega-3 
LC-PUFAs supplied in their diets for development 
and growth. Currently, these omega-3 LC-PUFAs 
are supplied as fish oil or are present as residue 
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in fishmeal (New and Wijkstram, 2002). Both fish 
oil and fishmeal are extracted from wild-catch 
fisheries. 

Given the decline in fisheries, the increase in 
aquaculture, the requirement for omega-3 LC- 
PUFAs, the growing awareness of this requirement, 
and the growing human population, an alternative 
source of omega-3 LC-PUFAs must be found. 
Although crops such as canola, soy, and linseed do 
not synthesize omega-3 LC-PUFAs, agricultural 
production of oil from these crops is extremely 
efficient and has the potential to be sustainable if 
best agricultural practices are followed. For this 
reason, several research groups are attempting to 
engineer omega-3 LC-PUFA synthesis in oilseed 
crops. 


LC-PUFA Biosynthesis Genes 

In the marine food web, microalgae and other 
organisms such as thraustochytrids, which fish 
consume directly or indirectly, are the primary 
source of omega-3 LC-PUFAs. 

To this end, several sets of genes encoding 
enzymes in alternative biosynthetic pathways have 
been isolated from a number of marine microalgae, 
thraustochytrids, and terrestrial fungi and trans- 
ferred to several different plants. One set isolated 
from the thraustochytrid Schizochythum sp. by 
Metz and colleagues and encoding a modified 
polyketide synthase (Metz et al., 2001) is not 
covered here. The remaining LC-PUFA biosynthetic 
genes isolated are front- end fatty acid desaturases, 
which introduce double bonds at positions counted 
from the carboxyl or front end of the molecule, and 
fatty acid elongases, which add two carbon units to 
existing fatty acids. Two excellent reviews compar- 
ing and contrasting the successes of these engineer- 
ing attempts have been published during the past 
year (Domergue et al., 2005; Singh et al., 2005). The 
intention of this minireview is to summarize the 
approaches and results before suggesting a way 
forward, based on a simple analysis of human and 
Atlantic salmon requirements for LC-PUFAs, with 
the design of LC-PUFA- containing seeds and oils. 

That the production of LC-PUFA in plants is at 
all possible was first demonstrated by the landmark 
study of Qi et al. (2004). The authors constitutively 
expressed an elongase gene from the microalga 
Isochrysis galbana and two desaturase genes — one 
from the microalga Euglena gracilis and one from 
the fungus Mortierella alpina — in the model plant 
Arabidopsis thaliana. This resulted in the produc- 
tion of low but significant levels of EPA and AA in 


the leaf tissue. Besides showing that the coupling of 
LC-PUFA biosynthesis with the plant's endogenous 
fatty acid biosynthesis was indeed possible, this 
study also demonstrated for the first time that there 
exists an "alternate" order in which LC-PUFA pro- 
duction by desaturation and elongation can occur. 
Figure 1 shows that the standard order of desatura- 
tion and elongation for 18:3n-3 to produce EPA 
proceeds via a A6 desaturation followed by a A6 
elongation and then a A5 desaturation. Qi et al. 
(2004) demonstrated, by their discovery of a A9 
elongase from Isochrysis galbana and A8 desaturase 
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Fig. 1. co-3 and co-6 LC-PUFA biosynthetic pathways. LC- 
PUFA biosynthesis starts with 18:2n-6 (LA) which is eit- 
her desaturated at the A6 position and progresses down 
the co-pathway or is desaturated at the A15 position to 
produce 18:3n-3 (ALA), which progresses down the co-3 
pathway. Subsequent desaturation (Des) and elongation 
(Elo) in each pathway is carried out by the shared enzymes 
(gray bars) except for the A17 desaturase, which converts 
20:4n-6 into 20:5n-3. Fatty acids are linked either to 
phosphatidylcholine (PC) or coenzyme A (CoA). All desa- 
turations occur to fatty acids coupled to PC while elonga- 
tions occur to fatty acids coupled to CoA. The "shuttling" 
of fatty acids from PC to CoA pools is achieved by acyl- 
transf erases (AT). The key fatty acid products of the 
pathways, 20:4n-6 (AA), 20:5n-3 (EPA), and 22:6n-3 (DHA), 
are highlighted in bold font. 
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8 desaturase from Euglena gracilis, that it is 
possible to first A9 elongate 18:3n-3 and then 
A8 desaturate it on the way to producing EPA. 

While this study itself is of great importance, it 
also encouraged researchers to pursue the ultimate 
goal — production of EPA and DHA specifically in 
the seed oils of plants. 

Many higher plants synthesize 18:2n-6 (linoleic 
acid [LA]) and 18:3n-3 (a-linolenic acid [ALA]) in 
their seed oils but do not produce fatty acids further 
elongated or desaturated. To make 20:5n-3 (eicosa- 
pentaenoic acid [EPA]) or 22:6n-3 (docosahexaenoic 
acid [DHA]) in seed oils, addition of up to two 
elongation and three desaturation activities is re- 
quired (Figure 1). As can be seen in Figure 1, these 
enzymes can also act on omega- 6 precursors and 
produce the long-chain omega-6 fatty acid 20:4n-6 
(arachidonic acid [AA]). 

Abbadi et al. (2004) transferred a A6 desaturase 
and a A5 desaturase from the diatom Phaeodacty- 
lum tricornutum as well as a A6 elongase from the 
fungus Physcomitrella patens into flax [Linum 
usitatissimum) (see Table 1) in order to produce 
EPA (see Figure 1). They were able to produce low 
but significant levels of AA (1.5%) and EPA (1.0%) 
(Table 1) in the seed, presumably by the action of 
the introduced genes on the precursor fatty acids LA 
and ALA, respectively. The authors speculated that 
the reason for the low levels observed was probably 
that the algal desaturases use phosphatidylcholine 
(PC (-linked fatty acids as substrates while elonga- 
tion occurs on fatty acids esterified to coenzyme A 
(CoA). In flax, the seed triacylglycerols (TAGs) are 


rich in ALA and, to a lesser extent, LA. As such, the 
authors suggest that LA and ALA are shunted 
efficiently into the acyl-CoA pool, by the action of 
a presumptive acyl transferase (AT) (Figure 1), prior 
to incorporation into TAG. This would make only 
low levels available in the PC pool for the first 
desaturation step by the introduced A6 desaturase 
and subsequently reduce the total yield of EPA and 
AA. Furthermore, the authors speculate that ATs 
that can efficiently transfer 18:3n-6 and 18:4n-3 
from the PC pool to the CoA pool for a subsequent 
elongation and ATs that can transfer 20:3n-6 and 
20:4n-3 from the CoA pool to the PC pool for a 
subsequent A5 desaturation do not exist in flax and 
the endogenous ATs may have a low affinity for 
these substrates. 

In an attempt to circumvent the problems with 
acyl shuttling between PC and CoA pools observed 
by Abbadi et al. (2004), Robert et al. (2005) utilized 
fatty acid desaturases that act on acyl moieties 
coupled to CoA. In addition, their aim was to go 
one biochemical step further and produce DHA in 
seeds. To this end, they transferred four genes into 
the thale cress Arabidopsis thaliana, each under the 
control of the seed specific promoter from the 
Napin gene. These were a dual activity A5/A6 
desaturase from the zebrafish Danio rerio, an 
elongase with A6 activity from the nematode 
Caenorhabditis elegans, and a A5 elongase and a 
A4 desaturase from the prymnesiophyte Pavlova 
salina. These authors observed low levels of AA 
(1.2%), EPA (2.5%), and DHA (0.5%) (Table 1). They 
speculated that the multiple use of the same 


Table 1 . Summary of Genes, Host Plants, and Reported LC-PUFA Proportions in Seeds of Transgenic Plants 



Abbadi et al (2004) 

Kinney et al (2004) 

Robert et al (2005) 

Wu et al (2004) 

Genes 

Pt A6Des 

Sd A6Des 

Dr A5/6Des 

Pi A6Des 


Pt A5Des 

Ma A6Des 

Ps A4Des 

Th A5Des 


Pp A6Elo 

Ma A5Des 

Ce Elo 

Th A4Des 


Sa A4Des 

Ps ASElo 

Co Al2Des 



Sd Al 7Des 


Pin AUDes 



Ma A6Elo 


Om Elo 



Pav A5Elo 


Pp A6Elo 





Th A6Elo 





Th LPAAT 

Host plant 

L. usitatissimum 

G. max 

A. thaliana 

B. juncea 

AA 

1.5 


1.2 

25 

EPA 

1.0 

19.6 

2.5 

15 

DHA 

Na 

2-3.3 

0.5 

1.5 


Numbers shown are highest levels reported in any line expressed as percentage of total fatty acids in seeds. 

Ce, Caenorhabditis elegans-, Co, Calendula officinalis-, Dr, Danio rerio-, Ma, Mortierella alpina-, Om, Onchorhynchus mykiss-, Pav, 
Pavlova sp. ; Pi, Pythium irregulare-, Pin, Phythophtora infestans-, Pp, Physcomitrella patens-, Ps, Pavlova salina-, Pt, Phaeodactylum 
tricornutum-, Sa, Schizochytrium aggregatum-, Sd, Saprolegnia diclina-, Th, Thraustochytrium sp. 26185. 

AA, arachidonic acid; Des, desaturase,- DHA, docosohexaenoic acid; Elo, elongase,- EPA, eicosapentaenoic acid; LPAAT, lysophospatidic 
acid acyl transferase, 
na, not applicable. 
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promoter as well as the possible low level of 18:3n-3 
available for A6 desaturation contributed to low 
gene expression levels and LC-PUFA biosynthesis 
respectively. 

Prior to the study of Robert et al. (2005), but 
publicly unknown due to the lag between patent 
submission and publication, Kinney et al. (2004) 
were successful in producing high levels of LC- 
PUFA (19.6% EPA, 2% to 3.3% DHA ; see Table 1) 
in soy [Glycine max) seed and embryos. This group 
transferred multiple genes, predominantly from 
fungi, to achieve EPA synthesis in soybean seed 
and DHA synthesis in regenerated soy embryos (see 
Table 1). Most interesting was their use of a A17 
desaturase that was able to shunt the majority of 
biosynthesis in the omega-6 pathway over to EPA in 
the omega-3 pathway (see Figure 1). In this way 
desirable omega-3 production was increased at the 
expense of less desirable AA production and in spite 
of the lack of selectivity of the other desaturases 
and elongases used for omega-3 fatty acids as 
substrates (see Figure 1). Clearly, soy is also a much 
better vehicle for LC-PUFA production than flax or 
Arabidopsis for several reasons pertaining to sub- 
strate availability (Domergue et al., 2005). 

Most recently, Wu et al. (2005) have transferred 
a large number of genes (see Table 1) into rapeseed 
[Brassica juncea) and produced high levels of AA 
(25%; Table 1) and EPA (15%) and low levels of 
DHA (1.5%; Table 1). Using the same method as 
Kinney et al. (2004), Wu et al. (2005) used a A17 
desaturase to shunt a large amount of AA into the 
n-3 pathway at EPA (Figure 1). Interestingly, the 
ratio of DHA produced relative to EPA was the 
lowest of all three studies at 0.1, whereas Kinney et 
al. (2004) reported 0.17 and Robert et al. (2005) 
showed the highest ratio of 0.2. This suggests that 
the availability of EPA for further elongation and 
desaturation into DHA may vary depending on the 
host plant or that the efficiency of the A5 elongases 
used in the studies was different. 

Given the variation in levels of EPA and the 
relatively low levels of DHA produced in the 
aforementioned studies, the question that must 
be asked is what levels are desirable? Is there one 
ideal fatty acid profile, with respect to amounts and 
ratio of EPA and DHA, for human or aquaculture 
nutrition? 

Human Nutrition 

If a commercially available vegetable-based omega-3 
LC-PUFA oil were to be marketed as a dietary 
supplement, a good starting point would be to 
compare these plant oils with widely used fish oil 


supplements. The most common fish oil supple- 
ment, extracted from Northern hemisphere herring, 
menhaden, sardines, and other species, is known as 
an 18:12 oil. It contains 180 mg (18%) of EPA and 
120 mg (12%) of DHA per 1000 mg of oil. At the 
current recommended intakes of 450 to 650 mg of 
combined EPA and DHA, 1.5 to 2.2 grams of oil 
would need to be consumed daily. 

The EPA content of the oils produced by Kinney 
et al. (2004) and Wu et al. (2005) compares favorably 
with the 18:12 fish oil at 19.6% and 15%, respec- 
tively (Table 1). DHA, however, is at a lower level in 
both studies. Wu et al. (2005) report a maximal 
1.5% and Kinney et al. (2004) report a maximal 
3.3%. This is between 8- and 3.6-fold less, respec- 
tively, than that found in fish oil. It is now known 
that DHA and EPA have different roles in human 
nutrition (Horrocks and Yeo, 1999; Madsen et al., 
1999; Mori et al., 1999, 2000). Given this and the 
slow enzymatic conversion of EPA to DHA in 
humans (Hodge et al., 1993), it might be important 
to maintain the 18:12 ratio of EPA to DHA in a 
vegetable oil or even increase the proportion of 
DHA. In either case, the ratio of EPA to DHA 
reported by Wu et al. (2005) and Kinney et al. (2004) 
should be reduced. It must be noted, however, that 
while the recommended intakes prescribe a com- 
bined amount of EPA and DHA, only the Australian 
panel recommends an individual DHA intake of 220 
mg/day (Simopoulos et al., 1999). Relative to the 
recommended combined intake of 650 mg/day, this 
translates to an oil with an EPA to DHA ratio of 
430:220 or close to 2:1 — higher than that found in 
18:12 fish oils. Further nutritional studies will be 
required to determine if ratios of EPA to DHA 
higher than the 18:12 found in fish oils are indeed 
adequate and beneficial for human health. 

An alternative way of increasing omega-3 con- 
sumption in the population is to introduce these 
nutrients into commonly eaten foods. This is 
currently being done by the addition of micro- 
encapsulated fish oils to various food products such 
as bread, juice, and dairy products (e.g., Yep et al., 
2002). In the future, it should be possible in food 
manufacture to simply utilize commodity crops 
that have been transformed with the genes that 
make omega-3 LC-PUFAs. If this were to occur it 
would be important to determine the levels of 
omega-3 LC-PUFAs in oils and grains that would 
be desirable such that a "normal" diet would provide 
an adequate amount of these nutrients. Consider 
two examples of high-oil food products that might 
incorporate omega-3 fatty acids — mayonnaise and 
margarine. A standard serving size of regular com- 
mercial mayonnaise is 1 tablespoon or 14 grams. 
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This contains 12 grams of fat, derived mostly from 
vegetable oils. To obtain a 650-mg dose of combined 
EPA and DHA, the oil used to produce the mayon- 
naise should contain a combined proportion of EPA 
and DHA of approximately 5.5%. A single serving of 
margarine is 5 grams, of which approximately 3.75 
grams is fat derived from vegetable oils. To obtain 
650 mg of combined EPA and DHA the oil used to 
make the margarine should contain approximately 
17.5% EPA and DHA combined. Clearly, these 
values are at the high end. 650 mg is the maximum 
currently recommended for omega-3 LC-PUFA con- 
sumption and, more importantly, consuming mul- 
tiple food products over the course of the day 
enriched with these nutrients would mean that 
even lower levels of omega-3 LC-PUFAs in these 
products would be adequate. In this scenario, 
perhaps oils with omega-3 LC-PUFA percentages 
less than 5% would be desirable in the formulation 
of high-oil foods. 

Of course, food manufacturers might prefer to 
have access to a high concentration of omega-3 LC- 
PUFA oils that they can add to formulate foods with 
desired omega-3 content. Technical issues such as 
oxidative stability or germination problems may 
disallow this. 

Therefore, going forward, low omega-3 LC- 
PUFA- containing oils might be the least expensive, 
safest, and most practical way for use in food 
products. 

Aquaculture Nutrition 

Currently, the major source of omega-3 LC-PUFAs 
in human diets is seafood. To maintain the nutri- 
tional status of seafood, aquaculture feeds based on 
plant-derived oils must maintain high levels of 
omega-3 LC-PUFAs in animals at harvest. Current 
formulated feeds for Atlantic salmon, for example, 
do this, but in the quest to replace fish oils with 
transgenic plant oils, seafood quality must be 
maintained. 

Previous studies have shown that Atlantic 
salmon has the same growth rates and health status 
when reared on diets formulated with fish oil or 
sunflower oil, which contains no EPA or DHA. 
However, the fatty acid composition of the flesh 
begins to resemble that of the feed oil such that 
sunflower oil-fed fish contain higher levels of 
undesirable linoleic acid (LA, 18:2n-6) and lower 
levels of EPA and DHA (Bransden et al., 2003). That 
the salmon fed sunflower oil still contain some EPA 
and DHA suggests that they may be able to 
synthesize these compounds de novo. This is 
supported by fact that salmon carry all the genes 


necessary for biosynthesis of EPA and DHA (Hast- 
ings et al., 2004) and data that show that when 
salmon are fed canola oil diets they upregulate the 
expression of A5 and A6 desaturases and synthesize 
more EPA and DHA than salmon fed on fish oil 
diets (Zheng et al., 2004, 2005). Studies from Nor- 
way on fish fed canola oil suggest that these fish, 
although containing EPA and DHA, have a lower 
human nutritional benefit with respect to cardio- 
vascular health (Seierstad et al., 2005). Therefore, 
while it is important to maintain levels of EPA and 
DHA in salmon it might be possible to reduce the 
amount of EPA and DHA in the feed oils and rely on 
the salmon's own biosynthetic capability. To this 
end several groups have tried to determine the 
optimal blend of vegetable oils and fish oils for 
formulated salmon feeds. Bell et al. (2004) designed 
feeds in which they substituted linseed oil — rich in 
ALA — for fish oil. They found that 50% substitu- 
tion, the lowest they tested, resulted in DHA and 
EPA levels in the flesh of salmon 65% and 58%, 
respectively, of those observed when fish are fed 
100% fish oil. They found that a subsequent 
finishing diet of 100% fish oil for 16 weeks returned 
flesh EPA and DHA to control levels. Bransden et al. 
(2003) found that they could replace 40% of the fish 
oil with sunflower oil and make no significant 
difference to the levels of DHA in salmon flesh. If 
new omega-3, LC-PUFA-containing vegetable oils 
can be made available, their EPA and DHA content 
need not match fish oils but resemble that found in 
these vegetable/fish oil blends. Using the 40% 
substitution level (Bransden et al., 2003) would 
mean that a transgenic vegetable oil with 60% of 
the DHA and EPA— 7.2% and 10.8% respective- 
ly — of fish oil could be adequate to maintain the 
high levels of these fatty acids that make salmon 
nutritionally desirable. It is important to note that 
such an oil should be low in undesirable omega-6 
PUFA as these would also become incorporated into 
the salmon flesh and increase the omega-6: omega-3, 
reducing health benefits regardless of the absolute 
levels of EPA and DHA (Simopoulos, 2004). 

Conclusion 

Remarkable progress in engineering omega-3 LC- 
PUFA production in land plants has been made by 
several groups in the last few years. Notably, the 
levels of total PUFA, EPA, and DHA production have 
been variable and reflect the choice of transgenes, 
promoters, and host plants. Although the ultimate 
aim of these researchers was to produce a fish oil 
substitute, none of the currently produced oils 
exactly matches the fatty acid composition of fish 
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oil. While the rapeseed oil (Wu et al., 2005) and soy 
oil (Kinney et al., 2004) have levels of EPA resem- 
bling fish oil, their DHA levels are much lower. The 
importance of an 18:12 EPA to DHA ratio, as found 
in commercial fish oils, may not be critically 
important but further studies are required to resolve 
this. 

Oils that contain low levels of EPA and DHA 
(less than 5%) could be useful in food production 
because of probable stability and processing advan- 
tages and contribute to the cumulative consumption 
of recommended daily amounts omega-3 LC-PUFA 
from multiple enriched food products. These low- 
level oils may also offer the best chance at reproduc- 
ing an 18:12 EPA to DHA ratio if deemed necessary. 
As far as replacing fish oils in salmon feeds, trans- 
genic oils with proportions of PUFA as low as 10.8% 
EPA and 7.6% DHA may be adequate for maintain- 
ing fish nutritional quality without the need for 
finishing diets (Bell et al., 2003). 

This strongly suggests that transgenic omega-3 
vegetable oils need not match fish oils in order to 
find utility. 
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Very long-chain polyunsaturated fatty acids are vita) components of the 
human diet, playing important multiple roles in optimal health and develop- 
ment. Current dietary sources, in the form of fish oils, are in decline, and an 
alternative sustainable source is required- Recent attempts to engineer trans- 
genic plants with the capacity to synthesize these fatty acids have clearly 
demonstrated the possibility of such an approach. This represents a major 
breakthrough in the quest for alternative sources of fish oils, as well as 
fulfilling the promise of transgenic plants as green factories. 


Introduction 

As discussed in this Volume, transgenic plants have 
attracted considerable interest as potential 'green fac- 
tories' for the synthesis of useful compounds in a sustain- 
able and cheap manner (Thelen and Ohlrogge 2002). 
Much of this interest is based around the fact that plants 
are effectively carbon-neutral (thus not contributing to 
C0 2 emissions), and the requirements for plant growth 
are minimal and cheap (e.g. sunlight, water), Over the 
last two decades, the advent of plant genetic engineering 
has facilitated the mobilization of 'traits' (i.e. genes) from 
species not normally amenable to conventional breeding 
programs. This includes not only the transfer of traits 
between distinct plant families but also the introduction 
of genes from non-plant species, A well-known success- 
ful example of this latter approach is the Bacillus thur- 
ingiensis insecticidal crystal protein gene (Bt crylAc) 
which has been shown to confer insect resistance to 


transgenic plants expressing this bacterial gene (Estruch 
et aL 1997), 

Transgenic crop plants are often categorized as con- 
taining 'input' or 'output' traits, terminology which 
reflects whether or not the transgenic trait confers a 
benefit to the producer or to the end user (Tucker 
2003). In that respect, the Bt cryiAc trait would be 
considered an input trait, because it primarily benefits 
the farmer by lowering losses to herbivory and depen- 
dence on insecticides (although obviously reduced use 
of pesticides is also of considerable benefit to the gen- 
eral public). It is probably fair to say that most of the first 
generation of transgenic crops produced over a decade 
ago was engineered to contain input traits (such as 
pesticidal properties, herbicide tolerance), which has 
led to a perception of transgenic plants as solely deliver- 
ing benefits to the farmer, rather than to the consumer. 
However, the last few years have seen the development 


Abbreviations - ALA, a-linolenic acid; ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA,, eicosapentaenoic acid; 
GLA, y-linolenic acid; LA, linoleic acid; LPCAT, acyl CoA lyso-phosphatidy I choline acyltransferases; SDA, stearidonic acid; 
TAC, triacylgiycerol; VLC-PUFAs, very long-chain polyunsaturated fatty acids. 

This article is dedicated to Professor Ernst Heinz, who has pioneered work on the production of VLC-PUFAs in transgenic 
plants. 
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of second generation transgenic crops which are predo- 
minantly engineered to contain output traits. The majority 
of these are alterations (or more correctly, enhancements) 
to the nutritional content of plant foodstuffs (Tucker 2003). 
One of the reasons why these second-generation output 
traits have taken considerably longer to develop than the 
input trails is also the increased complexity of the system 
under manipulation. For example, insect-resistant rice 
only requires 1 gene (Bt crylA), whereas rice with altered 
Vitamin A content (Golden Rice) requires several trans- 
genes to be expressed in a co-ordinated manner (Crusak 
2005). Thus, it is only now that the promise of second 
generation transgenic crops is starting to emerge. 

One nutritional enhancement output trait that has been 
the focus of considerable recent interest is the synthesis and 
accumulation of n-3 very long-chain polyunsaturated fatty 
acids (n-3 VLC-PUFAs) (Drexfer et aL 2003). These fatty 
acids are found predominantly in fish oils and have histori- 
cally been associated with health-beneficial properties to 
humans. Beyond such anecdotal evidence, a targe body of 
clinical; genetic and controlled dietary intervention studies 
over the last 20 years have confirmed the importance of 
n-3 VLC-PUFAs to a range of human conditions and 
pathologies (Burr et al. 1989), For example, the VLC- 
PUFAs play an important role in neonatal growth and 
development, in particular brain and eye function (it is for 
this reason that most replacement formula milks now con- 
tain these fatty acids) (Graham et al. 2004). There is also 
evidence that n-3 VLC-PUFAs can play a health-protective 
role in the prevention of cardiovascular disease and asso- 
ciated precursor conditions collectively known as the 
metabolic syndrome (Nugent 2004), Unfortunately, global 
fish stocks are in considerable decline, and because this 
valuable natural resource represents the current predomi- 
nant source of VLC-PUFAs, an alternative sustainable 
source of these fatty acids is urgently required. One rapidly 
emerging contender for this role is transgenic plants that, 
have been engineered with genes encoding the primary 
biosynthetic pathway for VLC-PUFA biosynthesis (Abbadi 
et aL 2001). Considerable progress towards the laudable 
objective of making 'fish oils' in transgenic oilseeds has 
been made in the last few years, and this review will focus 
on the latest breakthroughs in this area. Very recent data 
have confirmed the earlier promise of using transgenic 
plants as green factories for the synthesis of VLC- 
PUFAs, serving also as an important validation of second- 
generation output trait transgenics. 

The production of VLOPUFAs in transgenic 
plants 

It is not the aim of this review to reiterate the enzymes 
and genes which underpin the biosynthesis of VLC- 
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PUFAs, because this topic has been covered by several 
recent reviews (Sayanova and Napier 2004, Napier 
et al. 2003, Sperling et ai. 2003). However, for clarity, 
we will briefly outline the key enzyme reactions. 
Aerobic VLC-PUFA biosynthesis is catalysed by an alter- 
nating sequence of desaturation and elongation reac- 
tions (although an unrelated anaerobic pathway exists 
in some aquatic microbes; Metz et aL 2001). The sub- 
strates for VLC-PUFA biosynthesis are linoleic acid (LA; 
18:2, n-6) and a-linolenic acid (ALA; 18:3, n-3). The 
predominant aerobic PUFA biosynthetic pathway is 
initiated by the action of the A6-desaturase which con- 
verts LA and ALA to y-linolenic acid (GLA; 18:3, n-6) 
and stearidonic acid (SDA; 18:4, n-3), respectively. The 
introduction of the double bond at the AS position 
occurs via 'front-end' desaturation (i.e. the insertion of 
a double bond between pre-existing unsatu rations and 
the carboxyl terminus of the fatty acid), and this process 
is characteristic of aerobic VLC-PUFA biosynthesis. 
Following desaturation, the A6-desaturated fatty acids 
become substrates for elongation via the microsomal 
elongase, which extends the acyl chain by two carbons 
through a condensation reaction with malonyj-CoA. 
These C 2 o elongation products (20:3, n-6; 20:4, n-3) 
are then further desaturated by the A5-desaturase to 
yield arachidonic acid (ARA; 20:4, n-6} and eicosapen- 
taenoic acid (EPA; 20:5, n-3), respectively. In some 
unicellular organisms, a so-called 'alternative pathway' 
exists for the synthesis of these C 2 o VLC-PUFAs, in 
which the elongation step precedes the first desatura- 
tion. In this case, LA and ALA are elongated by a spe- 
cific C\s A9-elongase to yield 20:2, n-6 and 20:3, n-3 
which are then desaturated by a A8-desaturase to yield 
20:3, n-6 and 20:4, n-3. These two products then 
undergo A5 -desaturation as for the conventional AG- 
pathway to yield ARA and EPA. The process of alternat- 
ing desaturation and elongation also underpins the 
synthesis of docosahexaenoic acid (DHA; 22:6, n-3), 
although this varies between lower organisms and 
mammals. In the former case, EPA is elongated to 
docosapentaenoic acid (DPA; 22:5, n-3) by a specific 
A5-efongase, with DPA then converted to DHA by the 
action of a A4-desaturase {Qiu 2003). In mammals, the 
process is somewhat more complicated and does not 
use a A4-desaturase; EPA undergoes two rounds of 
elongation, generating first DPA and then tetracosahex- 
aenoic acid (THA; 24:5, n-3) with this later C 2 4 fatty 
acid being subject to A6-desatu ration to yield 24:6, n-3. 
The A6-desaturase enzyme that carries out this desatura- 
tion is now believed to be the same one as produces 
GLA and SDA, although the basis for this substrate 
selectivity is unclear. What is known is that THA under- 
goes peroxisomal P-oxidation to generate DHA, 
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although again the mechanism by which this chain short- 
ening is controlled is still unclear. Thus, the biosynthesis 
of DHA in animals such as humans is considerably more 
complicated than that observed in unicellular organisms, 
involving several different compartments (endoplasmic 
reticulum, peroxisome) (Qiu 2003), In that respect, the 
ability of mammals to synthesize DHA is perhaps more 
'fragile' (or at least more highly regulated}, underlying the 
importance of obtaining this fatty acid in our diet. 

The past few years have seen the cloning and 
functional characterization of all the above primary 
activities associated with VLC-PUFA biosynthesis (see 
Sayanova and Napier 2004 for a recent review). This 
has revealed that all the front-end desaturases asso- 
ciated with PUFA biosynthesis are members of the cyto- 
chrome b?s fusion superfamily, with this electron donor 
domain at the N-terminal portion of the enzyme (Napier 
et at. 2003, Sperling et al. 2003). In the case of VLC- 
PUFA elongation, this is carried out by elongating activ- 
ities which are members of the ELO/SUR4 superfamily, 
with these polypeptides assumed to be the condensing 
enzymes of the microsomal elongase (Leonard et al. 
2004). Several key points need to be emphasized 
regarding VLC-PUFA biosynthetic enzymes. Firstly, the 
desaturases display differences in their acyl-substrates; 
in the case of mammal tan front-end desaturases, these 
are assumed to use acyl-CoA substrates (Domergue 
et al. 2003). In contrast, desaturases from lower eukar- 
yotes use glycerol ipi delinked substrates, in which the 
substrate fatty acid is usually present at the sn~2 position 
of phosphatidylcholine (PC) (Domergue et al. 2003), In 
the case of the elongating activities, the ELO proteins 
are known to utilize acyl-CoA substrates, although the 
precise mechanism by which the CoA-substrate is pre- 
sented to the elongase remains to be elucidated. Finally, 
while the primary biosynthetic enzymes {desaturases, elon- 
gating activities) have all been identified, the contributions 
of many additional activities remain to be determined. For 
example, enzymes involved in acyl exchange (acy trans- 
ferases, lipases, acyl-CoA synthetases) may play important 
roles in the efficient synthesis of VLC-PUFAs. With regards 
to such activities, ongoing efforts are focussed on the iden- 
tification and functional characterization of the genes 
encoding such enzymes (see below for discussion). 

Proof-of -concept studies 

The last year has seen several key demonstrations of the 
feasibility of the synthesis and accumulation of VLC- 
PUFAs in transgenic plants, although earlier studies 
had shown that it was possible to accumulate to high 
levels Cis precursors such as GLA (through the expres- 
sion of a A6-desaturase) (Sayanova et al, 1997). In 
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considering the significance of the observed levels of 
transgene-derived VLC-PUFAs, it is perhaps appropriate 
to consider Ideal' target levels and composition; for 
example, marine fish oils usually contain 10-20% EPA 
and DHA combined, whereas the marine microalgae 
which are primary producers of these VLC-PUFAs can 
accumulate similar levels for the individual fatty acids 
(Abbadi et al. 2001, Drexler et aL 2003). Thus, in terms 
of both biotechnoiogical efficacy and nutritional 
enhancement, it is desirable to accumulate VLC- 
PUFAs to the range 10-25%. Such a target range of 
accumulation seems eminently feasible, not least of all 
given the earlier studies that reported accumulation of 
GLA and A5~desaturated fatty acids to high levels 
(Sayanova et al. 1997, Knutzon et al. 1998). 

The first report of the successful accumulation of C 2 o 
VLC-PUFAs in transgenic plants was reported by Qi 
et al. (2004). In this study, both EPA and the n-6 VLC- 
PUFA ARA were shown to be synthesized in transgenic 
Arabidopsis plants, accumulating to 3,0 and 6,6%, 
respectively. These C 2 o fatty acids accumulated in the 
vegetative tissues of the transgenic lines, because the 
transgenes were expressed under the control of the con- 
stitutive CaMV35S promoter. Although the achieved 
levels of VLC-PUFAs were somewhat lower than the 
optimal target range, the fact that these fatty acids 
were synthesized and accumulated with no deleterious 
effects to the host transgenic plant demonstrated an 
important ' proof -of-concept'. A number of additional 
points regarding the data reported by Qi et al. (2004) 
also need to be highlighted. Firstly, the biosynthetic 
pathway used to carry out this 'reverse-engineering' 
(Napier et aL 2004a) of the VLC-PUFA pathway was 
not the conventional A6-desaturase/elongase route but 
the alternative A9-elongase/A8-desaturase system. In 
that respect, the authors speculated that the relative 
success of their approach was derived from the ability 
of the (initiating) A9-eiongase to utilize endogenous LA 
and ALA substrates present in the acyl-CoA pool. This in 
turn would provide C 2 o substrates for the subsequent 
desaturases and be less dependent on the 'switching' 
of substrates from glyceroiipids and acyl-CoA pool (see 
Napier et aL 2004a, b for discussion of this topic in 
greater detail). Secondly, the final transgenic lines accu- 
mulating ARA and EPA were the result of three sequen- 
tial genetic transformations, in which the A9-elongase, 
A8~desaturase and A5-desaturase were introduced as 
separate transgenes and integration events. Finally, in 
addition to the accumulation of ARA and EPA, some 
non-methylene interrupted C 2 o fatty acids were 
detected, namely sciadonic acid (20:3 A5, 11,12, n-6) 
and juniperonic acid (20:4 AS, 11, 14,1 7, n-3). While 
these fatty acids have recently also been considered to 
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have health-beneficial properties (Nakane et aL 2000), 
their accumulation was unexpected and likely repre- 
sents the 'promiscuous' activity of the C20 A5-desatur- 
ase. However, the collective data of Qi et aL (2004) 
represents a key break-through in the demonstration 
of VLC-PUFA synthesis in transgenic plants, and serves 
as the benchmark by which other studies can be 
compared. 

In that respect, the study of Abbadi et aL (2004) 
provides a very useful accompaniment to that of Qi 
et a). (2004). Abbadi et al, (2004) expressed the 
genes for the conventional A6-pathway {AG-desaturase, 
A6-elongase, A5-desaturase) in transgenic linseed under 
the control of seed-specific promoters and observed 
very high levels (>25% total fatty acids) of A6-desatu- 
rated fatty acids (GLA, SDA) but only low levels of the 
subsequent elongation products, with ARA and EPA 
accumulating to 0.9 and 0.8% of total seed fatty acids. 
Thus, it was concluded that there was a 'bottleneck' 
preventing the elongation step. Additional detailed 
lipid analysis provided evidence as to the nature of the 
bottleneck, as profiling of the acyl-CoA pool indicated 
the almost complete absence of C 18 A6-desaturated fatty 
acids GLA and SDA, but in vitro biochemical assays 
confirmed the activity of the heterologous {transgene- 
derived) A6-elongase. Thus, the very inefficient elonga- 
tion of GLA and SDA was almost certainly due to 
the absence of these fatty acids in the acyl-CoA 
pool, which in turn was likely to be due to poor acyi- 
exchange with phospholipids. This was further con- 
firmed by the observation of specific accumulation of 
GLA at the sn-2 position of PC, consistent with earlier 
studies that demonstrated that many non-mammalian 
front-end desaturases use glycerolipid-linked substrates 
(Domergue et aL 2003). In addition, it was observed that 
Cia n-3 fatty acids (e.g. ALA, SDA) were selectively 
channelled from PC into triacylglycerol (TAG) in an 
apparently acyl-CoA independent manner (as witnessed 
by the absence of these fatty acids in the CoA pool but 
their accumulation at the $n~3 position of TAG). This 
reaction was most likely catalysed by phospholipid 
DAG acyitransferase (PDAT), and one undesirable con- 
sequence of this strong activity in linseed is the further 
exclusion of the transgene-derived SDA from the acyl- 
CoA pool, precluding efficient elongation of this fatty 
acid to a C 2 q PUFA. Thus, although linseed was chosen 
as a suitable host for the reverse-engineering of n-3 
VLC-PUFA synthesis on the basis of very high levels of 
the precursor substrate ALA, endogenous channelling 
activities hindered the accumulation of n-3 fatty acids 
such as EPA {Abbadi et aL 2004, Domergue et al. 
2005a). Thus, tt seems that not only are there bottle- 
necks that are generic to VLC-PUFA biosynthesis {in the 
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form of substrate dichotomy between desaturation and 
elongation) but also species-specific bottlenecks as 
exemplified by the counter-productive PDAT activity 
observed in linseed (see Fig. 1 for details). 

The collective studies of Qi et al. (2004) and Abbadi 
et aL (2004) represent a major step forward in the 
production of VLC-PUFAs in transgenic plants and 
the significance of these advances has been recognized 
and discussed in a number of recent reviews (Domergue 
et aL 2005a, Green 2004, Napier et aL 2004a, b, Singh 
et aL 2005). However, it is clear that while these studies 
represent important biotechnological breakthroughs, 
they also provide some new insights into the biochem- 
ical pathways under manipulation and provide useful 
new tools for the dissection of the underlying enzymatic 
reactions. 

The production of DHA in transgenic plants 

Having demonstrated the accumulation of the C20 
PUFAs in transgenic plants, it is obvious that the next 
step is to seek to reconstitute the DHA biosynthetic 
pathway. As described above, although mammals 
synthesize DHA from EPA via P-oxidation, many 
aquatic microorganisms use the simpler A4~desaturase 
route. The two activities required for this route 
(A5-eiongase, A4-desaturase) have recently been cloned 
and functionally characterized, allowing for the evalua- 
tion of this pathway in transgenic plants (Meyer et al. 
2004, Pereira et al. 2004, Qiu 2003). Several studies on 
the accumulation of DHA have very recently been pub- 
lished, affording some additional insights into our 
understanding of VLC-PUFA biosynthesis. For example/ 
Robert et aL (2005) reported low but significant accu- 
mulation of DHA (0.2-0.5% of total fatty acids) in 
transgenic arabidopsis seeds. To achieve this, the 
authors adopted a two-step approach, using seed- 
specific expression of a Afunctional A6/A5-desaturase 
from zebrafish (Hastings et al. 2001) in conjunction with 
the A6-eiongase PEA-1 from Callomyia elegans 
(Beaudoin et al. 2000) to generate EPA for subsequent 
elongation and desaturation to DHA by enzymes 
encoded by genes from the DHA-synthesizing alga 
Pavlova satina. Interestingly, Robert et aL (2005) 
reasoned that by using the zebrafish desaturase 
(which is predicted to be an acyl-CoA desaturase, rather 
than glycerolipid-dependent), they might overcome the 
problem of substrate dichotomy, using exclusively 
acyLCoA-dependent reactions for the synthesis of EPA 
(Abbadi et aL 2004). Perhaps surprisingly, relatively 
low levels of ARA and EPA were seen to accumulate 
in transgenic arabidopsis expressing the zebrafish 
desaturase and G elegans elongase (<5% of total). 
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Fig. 1. The role of acyi-exchange in the biosynthesis of VLC-PUFAs. The substrate dichotomy between glyceroJiptd desaturation and acyi-CoA 
elongation is represented, exemplified by the synthesis of ARA from IA by the conventional A6-desaturase/eiongase pathway. Gfycerolipid 
desaturation reactions are represented by a solid black arrow, acyi-CoA-dependent elongation with an open arrow. The pathway requires acyl- 
exchange between the gfyterolipids and the acyi-CoA pool, mediated by acyltransferases. Some activities {such as lyso-phosphatidyl acyftransf erases, 
LPAAT; lyso-phosphatidycholine acyftransf erases; LPCAT) may facilitate acyJ-exchange in favour of VLC-PUFA biosynthesis, whereas others (such as 
phospholipid diacyfgfycero! acyitransf erases, PDAT; diacyiglycerof acyftransf erase; DGAT) hinder the biosynthetic pathway by acylating potential 
substrates directly into thacyigfycerol (TAG). 


This may indicate low endogenous levels of substrate LA 
and ALA CoAs in arabidopsis seeds or may also imply 
that these animal enzymes worked poorly in transgenic 
plants. However, we have observed the efficient elon- 
gation of exogenousiy supplied GLA (in the form of a 
sodium soap) to transgenic arabidopsis expressing the 
C elegans PEA-1 activity (F. Beaudoin and J. Napier, 
unpublished), which may indicate (residual) problems 
with acyl channelling between the desaturase and the 
elongase. Other possible considerations are that while 
the zebrafish desaturase is Afunctional, it is predomi- 
nantly a A6-desaturase with some additional A5-desa- 
turase activity (Hastings et al. 2001); moreover, while it 
is assumed that this desaturase utilizes acyl-CoA sub- 
strates, this has not been biochemically proved, Finally, 
the transgenic activity of the PEA1 A6-elongase was 
unexpected in that it was capable of elongating EPA to 
DPA; such an activity was not previously observed in 
our characterization of this activity in yeast (Beaudoin 


et al. 2000) and may represent some perturbation to optimal 
elongase functionality. 

While the levels of OHA in transgenic arabidopsis 
reported by Robert et al. (2005) represented a significant 
proof-of-concept, two other recent studies provide more 
definitive data as to the feasibility or producing fish oils 
in transgenic plants. The first of these reports predates 
the study of Robert et af. (2005), in the form a patent 
application by Kinney et al. (2004). These researchers 
used a similar approach to that of Robert et al. (2005), 
expressing genes encoding components of the conven- 
tional A6-desaturase/elongase pathway in transgenic 
soybean seeds and somatic embryos. However, to max- 
imize the accumulation of n-3 VLC-PUFAs such as EPA 
3nd DHA, an a>-3 microsomal desaturase (isolated from 
the fungus Saproiegnia diclina) was also coexpressed, 
with the aim of converting any n-6 VLC-PUFAs to the n- 
3 form. Expression of the A6~desaturase, A6-e!ongase, 
A5~desaturase and the (0-3 desaturase yielded almost 


402 


Physiol, tot. 126. 2006 


49 


EVIDENCE APPENDIX E 


20% EPA in the seeds of transgenic soybeans, as wefl as 
the unexpected accumulation of DPA in a manner simi- 
lar to that observed by Robert et al. (2005), Because the 
A6~elongase utilized by Kinney et al. (2004) was from a 
quite distinct organism {Mortierella alpina) to the C 
elegans PEA1 elongase, this apparent promiscuity is 
worthy of further investigation. Moreover, because 
neither C elegans nor M. alpina synthesize DPA or 
DHA, it seems unlikely that these transgenic activities 
represent previously unreported specificities of the het- 
erologous elongating activities. 

Building on the successful accumulation of EPA, 
Kinney et al. (2004) added the two additional genes 
for the A4~pathway and observed relatively low but 
significant accumulation of DHA (3.1% of total fatty 
acids} in somatic embryos. In that respect, it is tempting 
to speculate that these reduced levels (compared with 
the levels achieved for C 20 VLC-PUFAs) represent con- 
tinued problems with substrate dichotomy between the 
A5-elongase and the A4-desaturase, although why simi- 
lar problems are not encountered in the synthesis of EPA 
is not yet clear. It will be of considerable interest to see 
the levels of DHA achieved in stable transgenic soybean 
seeds, as well as the distribution of VLC-PUFAs in the 
acyl-CoA pool. 

A second major study which demonstrates the highly 
efficient accumulation of C 2 q VLC-PUFAs in oilseeds 
has also been recently published (Wu et al. 2005), 
where transgenic Brassica juncea was shown to accu- 
mulate up to 25% ARA or 1 5% EPA. In addition, expres- 
sion of activities for the A4-pathway for DHA synthesis 
resulted in low but significant amounts of DHA (0.2- 
1.5% of total). The strategy used by Wu et al. (2005) 
was similar to that used by Kinney et al. (2004) but 
involved more transgenes. In addition to the primary 
enzymes of VLC-PUFA biosynthesis, an co-3 desaturase 
from Phytophtora infestans was introduced to convert n- 
6 substrates to n-3, and a Al 2-desaturase (isolated from 
Calendula officinalis) also coexpressed to increase the 
flux through the entire transgenic pathway* In an 
attempt to overcome the problem of substrate dichot- 
omy, an acyttransferase activity from Thraustochytrium 
was also coexpressed, but it is not clear if this delivered 
any enhancements to the biosynthesis of DHA. 
Interestingly, the C 20 VLC-PUFAs ARA and EPA were 
found to be distributed evenly amongst all three posi- 
tions in TAG, implying that these fatty acids are efficient 
substrates for endogenous enzymes involved in storage 
lipid synthesis. Collectively, the data of Wu et al. (2005) 
indicate that £. juncea is a highly efficient host for the 
synthesis of ARA and EPA to high levels, but as observed 
in the other studies, capable only of low level synthesis 
of DHA. 
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The studies of Kinney et al. (2004), Robert et al. 
(2005) and Wu et al. (2005) provide new insights into 
the potential of producing VLC-PUFAs in transgenic 
plants, but also raise a number of intriguing questions. 
For example; it is not precisely clear why B. juncea and 
soy are so much more efficient at the synthesis of C20 
VLC-PUFAs such as ARA and EPA, when compared with 
linseed or tobacco (Abbadi et al. 2004), In that respect, 
more detailed analysis of these efficient accumulators is 
required to determine whether this is due to the trans- 
genic activities or simply related to the differing contri- 
butions of endogenous acyl-channelling activities in 
different plant species (Fig. 1). It is clear that the differ- 
ences observed in efficiency of reconstituting the same 
pathway into different plant species indicate that a 
detailed characterization of any potential host would 
be advisable prior to embarking on any transgenic 
interventions. 

Perhaps, the most striking observation of the all the 
above studies is the relative inefficiency of DHA synth- 
esis, independent of host species used (soy, arabidopsis, 
B. juncea); this may indicate a generic problem in the 
heterologous reconstitution of DHA synthesis. Even in 
species that accumulate EPA at high levels, elongation 
to DPA and subsequent desaturation to DHA are very- 
low, implying that the endogenous activities that facil- 
itate bypassing the Ci 8 _ 2 o substrate dichotomy are 
unable to do the same for C 20-22 substrates. For exam- 
ple, B. juncea may be capable of efficient EPA synthesis, 
because endogenous acyl-exchange enzymes such as 
acyl-CoA lyso-phosphatidylcholine acy I transferase 
{LPCAT) can recognize C 18 A6-desatu rated fatty acids 
and exchange them between the PC and the acyl-CoA 
pool, facilitating the transgene-mediated elongation 
(Fig. 1). In the case of EPA, LPCAT may simply fail to 
recognize this non-native fatty acid as a substrate, 
excluding it from the acyl-CoA pool. Given what is 
now known about the requirements of the synthesis of 
C 2 o VLC-PUFAs from C 1d substrates, it seems likely that 
similar constraints arising from substrate dichotomy act 
as a major bottleneck in the synthesis of DHA from EPA. 
However, further detailed analysis of the transgenic 
plants described in Kinney et al. (2004) and Wu et aL 
(2005) is required to confirm this. 

One final consideration raised by Wu et al. (2005) is 
regarding the efficiency of reconstitution of the hetero- 
logous VLGPUFA elongase. It is now well documented 
that the microsomal elongase is a multienzyme com- 
plex, which progresses the sequential reactions required 
for acyl chain elongation (namely condensation, ketor- 
eduction, dehydration and enoyl-reduction). Because 
the demonstration of Beaudoin et aL (2000) and 
Parker-Barnes et al. (2000) that heterologous expression 
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of presumptive ELO-like condensing enzymes could 
redirect the substrate-selectivity of endogenous elon- 
gases towards PUFA substrates (e.g. GLA), it has been 
assumed that the contribution to VLC-PUFA synthesis of 
the other eiongase components is neutral However, it 
seems possible that this too may be subjected to spe- 
cies-to~species variation and may need further investi- 
gation. Moreover, Beaudoin et ah (2002) demonstrated 
that overexpression of the eiongase ketoreductase 
increased the accumulation of (heterologous) PUFAs in 
yeast, presumably by either increasing flux through the 
eiongase or increasing the absolute number of eiongase 
complexes. In addition, some plant families, such as the 
Brassicas, synthesize VLC fatty acids (although these are 
saturated and monounsaturated), and there may be 
subtle differences in their microsomal elongases which 
facilitate more efficient reconstitution of VLC-PUFA bio- 
synthesis (as distinct from the above-mentioned species- 
specific differences in acyl exchange). Interestingly, Wu 
et al. (2005) used a variety of B. juncea which does not 
accumulate VLC fatty acids, analogous to low erucic 
acid oilseed rape {Brassica napus) and the fael mutant 
of Arabidopsis, both of which are mutated in the con- 
densing enzyme of the microsomal eiongase (Millar 
et al. 1998}. Whether mutations/ablations in endogen- 
ous condensing enzymes facilitate the more efficient 
reconstitution of the heterologous PUFA eiongase is 
unclear but worthy of closer examination. It is tempting 
to speculate that there may be some form of titration 
between the endogenous and heterologous condensing 
enzymes, although it is important to remember that the 
heterologous PUFA (ELO) activities are structurally 
unrelated to the endogenous (FA£1-like) enzymes. 

Additional activities to enhance the 
accumulation of VLC-PUFAs in transgenic 
plants 

As discussed above, transgenic plants have now been 
shown to accumulate the C 2 o VLC-PUFAs ARA and EPA 
to significant levels well within (or even above) the 
target range by which they could be judged as success- 
ful. However, while DHA can clearly be synthesized, 
this occurs at a much lower level, thus additional 
approaches or factors need to be sought to enhance 
VLC-PUFA accumulation. Of particular relevance to 
the topic of this review is the report by Domergue 
et aL (2005b) of the identification of an acyl-CoA- 
dependent desaturase from a lower eukaryote. This 
A6-desaturase from Ostrvococcus tauri is the first report 
of such an enzyme from non-animal sources and opens 
the prospect of identifying similar acyi~CoA-dependent 
enzymes responsible for A5 and A4-desaturation, This 
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in turn would facilitate the possibility of VLC-PUFA 
biosynthesis being carried out entirely in the acyl-CoA 
pool and avoiding the requirement for exchange with 
PC (as proposed by Abbadi et aL 2004 and Robert et aL 
2005). 

A second activity that may be of use in the synthesis of 
VLC-PUFAs in transgenic plants is a recently character- 
ized acyl-CoA synthetase from the DHA-accumulating 
microalgae Thalassiosira pseudonana (Tonon et aL 
2005a). L pseudonana synthesizes EPA and DHA by 
the conventional A6-desaturase/elongase pathway, and 
recently, all the desaturases and elongases required for 
their synthesis have been functionally characterized by 
heterologous expression in yeast (Meyer et aL 2004, 
Tonon et aL 2005b). Tonon et aL (2005a) characterized 
in yeast the 7. pseudonana acyl-CoA synthetase TpLacA 
and found it is involved in the activation of VLC-PUFAs, 
specifically DHA. The authors speculated that this 
enzyme may play a crucial role in the incorporation 
of DHA into TAG, although this remains to be demon- 
strated in Planta, 

Finally, the LPCAT enzyme whose (reverse) activity is 
postulated to be pivotal in mediating acyl exchange 
between the PC and the acyl-CoA pool (Abbadi et al. 
2004, Beaudoin and Napier 2004) has recently been 
cloned and functionally characterized (Domergue 
et aL 2005a, detailed in Renz et al. 2004). The LPCAT 
enzyme was identified by a 'gain-of-function' assay 
in yeast, in which candidate acyl transferases from 
VLC-PUFA accumulating organisms were tested for 
any ability to enhance the elongation of giycerolipid- 
linked GLA. Thus, candidate LPCAT activities would be 
predicted to increase elongation, via an exchange of 
GLA into the acyl-CoA pool, providing a substrate 
for elongation (Fig. 1 ). Renz et aL 2004) identified an 
acyltransferase from C. efegans that satisfied these 
criteria and is therefore likely to represent LPCAT. It 
will be very interesting to assess the impact of this 
activity on the accumulation of VLC-PUFAs in trans- 
genic plants, as well to further functionally characterize 
the biochemical properties of the LPCAT enzyme. In 
particular, the contribution of the (predominant) forward 
reaction of LPCAT (the synthesis of PC from acyi-CoA 
and fysoPC) needs to be assessed both in yeast 
and transgenic plants. However, the elegant 'gain-of- 
function' screen used to identify the putative LPCAT 
activity provides a very effective approach to identifying 
further enhancing activities for VLC-PUFA synthesis. 

Conclusions 

As detailed above, several recent studies have proved 
beyond doubt the feasibility of using transgenic plants to 
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synthesize VLC-PUFAs such as ARA, EPA and DHA, 
This not only represents a considerable vindication of 
the concept of 'green factories' for the transgenic synth- 
esis of novel fatty acids but also provides a sustainable 
source of these important components of human nutri- 
tion. To that end, the unquestionable benefits of VLC- 
PUFAs to human health mean that it is also possible that 
transgenic plants with this output trait may help assure 
the sceptics of the value of genetic modification. Finally, 
the advances summarized in this review represent the 
culmination of efforts from several research groups and 
demonstrate the wider utility of using transgenic plants 
to synthesize non-native products. 
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Figure t Sim pHf&d .tr&t& ef the bi asry- rec&t- constructs ussd for" plant 
iinnv^anriatbit BJ-3, BJ.§ ana eUe j repeeseat u^e three-;. faee-\ 

five--, six'-- &$y5 nsne-geng eansttyeis used fcs* 0. /a^eea tfmsttxw&iiov* 

AS f?om P-ifrng^m a Aa .ci£*atta-<fc& .from • Thfmstochytf'kjm tp 

2ui : £ ; a. m &or^m< j4Um t a A12 4maiw<m Horn 
v.. officinalis, an &<xt§uss Ussn Ihm&mhfifitiin-sp: 26 IBB, sr* a3 
^^«tii^^:: ho™ £ (it^titm, a A4 d&^V£& Itm Thmximnyirhm $p : , 

26;j8&;am$ an sfoftp&e ftsan & .wyk&& NP ( nan;in ptarna&t; 
K iema'aater DCS 


.12,0% it's B|4 to Li 7% iii B}5 :secds : . with the highest value ohs^road 
being, 2:5.8% (Table 1L rdon^nknr of hnsy acids >sk) m^rea&d 
shghdyv such that the . cweta}! elongation rate of both padi^uys 
iner&ttsxS imm 34,0% La B}4 to ,^3% in 13 J 3 seeds. 

The high metabolic liux via the n-6 .pathway in .ft /«mtv« resumed in 
the accunndatkneof conskteraM* divsoajifci of n--6 ;tMy ;ki<is sttcfc 
<r£j?V-an<l AA-. •]:<> uie dii^c/n^-'fklti-' acids- tar the prodf&ium. of n-a 
£&tjy-$u;i&«N we included tf *i>3 desatnrasrt from Phytephtem tiijmtim.in 
the construct K}6. In y^ggt, thiside&ttitra&' .£&in.HfUv£&v*& n~3 : double 
bond tipeeiftcaUy h^u AA (data not ■■shown)- The : n)3 desannase .aba 
gfibctlvgly eom-wted A A into EPA h\ rrans&eoh; seed.s. As ;j re.s.idt, the: 
ERA content increased sigfiiilotTife, from an average o 3"" I. 4% in Bji> to 
>U% tn BJfj ptafci> with .3 concurrem deamse in A A (Table- IV 

Afe" cklneving suhstanhal production of AA. and 'EPA if 5 plant 
.m'd:< ? (he 53 : o:t bgiad step w-V;i so phKlnee PHAe Therefore, three 
more getter were ■ .added to B|6> eeeating the rhue*t> : eoe con^trnei '.B}V> 
One of th^se ge:a^s encodes an eiotjg^e (n>n-i Oncorkynchiti myki& 
t\m. oxn 1-b.iigaJe both 18- and ^O-uarbon iiuiy jclds in yeast [ '\ 
whereas the second yene encodes ^ A4 desatume IV<;)rn Tlmwuxh-?* 


irimn sa-,. Therbhxh 


jhso trotii 7 hmus&i'hytmim sp., represent 


^ ;i putative lysefphrrsphatkiiv. acaj aevlirarfsteras^. \\ J e reasoned, ^hai this 
^ e-jwrae itom a VLC>PU^Ar-neh orgaiu^ni tntght improve traOkking of 
g very long cham (my ^ iieyh> among lipid nook, Traoscn.nts jro.ni all mm 
■$£ii&> wtTe;<ki.ecte<{ . in. innri%«nc.pknli>' i<\n\ii not shosvnh A fatty- add. 
@ with, a retention t\m$ pet^kal to that MD HA was nn:sen i in seeds 
^S^f'Pig* 2), and .gas cfin^mtoinaphy/:tnus* : s|>ecti r O! : netcy (GC>-MScana- 
iSy^ eonfkmed -that this fatty acid wm mdeed'PHcfc : (d«ta m>t mUmmh 
^ The a'eetae-e yield of Dli A mi 02% of tobfavhy aeids, whereas the 
e?:b^e'ree;d value was 1 .5%. i>19 ir'asrsgenk s>l^,ni:s jjfsij |>tndtict ! d 
slathtly higher levels of hFA, w.i.d) the higher ohserved leyei reaching 
of total tatty adds, -Whether ihe lNsa-<s>hr-:<|>hondy{ aeyhv^ns- 
■fmm. or the thirsl eknigase t:onts itnit^s tn she unprov^inein in .EPA. 
pn^dtiCsion renjains to be deternhnt^L 

Eiotig<nk>n of M*A ^ppeats to be <t sennas ^bottleneck in DHA 
fiyiith-i^s, The ebnphon rate (mm EPA. ro OPA. svas. otsly 4%^ 
.con^e<|nein1y, o-nly 3ow le^i of PHA was prodaced lit Bjv ^eeds. 
I'hift xtsjgihi he due to Hniiiatinns in the hiisi pk«fN' abiJity' : tn : y eka:se 
BPA vnh>,the iivyhCoA poos. Aiteo^uiveiy, xhe hmr<&i>&m ebngase 
may not cooperate elrleiaitly with the endogenous ebnption eampiex 
It should be nosed fat the tatty add profiles and the darned 
tni^verston rates reflect only the situation m the whole cell and 
dte:gard : : i:he possi^e ewstenee of iinavaiiabie Jhtty acid pool^ehor 


Figtire 2 QC 


ees^rjfcee ;a Figure I, G1A, : -?:ee!;?r>>:: ^ceJ: SDA, s&w&brae; acid: 

AA. ^mehidaaia acid: £PA, •eie:o^5^:^:>^:: nwc mdi DMA, eiaeas?3bex^ar : aia 


instance.; hi transgenic B. jm&ti OLA aeeuniutated tt>'a idatleely stahJe 
bvai (27 J. to 29at%) feginxhe^s of the cons trues nk?'d. I'be^ (n.A 
tnv>lecnles eon id. be incotporart'd into ecrt&hi Jipid. c!asses } sach as 
ttiacylgh-cerniii, where they become nrtavaibble Jot Ibfther Ttjodihe^- 
don, Nonelo.ng^ned <:LA seuins to r^tnain M a constant kvel, with 
;nxu:a.un:s exeeeding this threshold, apparency beeorntn^: avajiabic tor 
ek>ng<tnon. This ts best illustrated in B'M pSajus, where 1 1st: addition of a 
A'K> de^atura^-e led to a 7i>% decrease in OA, .ind the consequent 
increase m. substrate Urn. f ed to a merease of 20-e;arbon VICPU- 
}':Ax y rasher than iu the further accnmtjiatitm ot iS-earbon faUy - aCid:s, 


LA.. 


WT 


.s. .-.i 


Y.r 


A A 5 a: 


BJ3 


I A A! 


BJ4 


oc 


....sja..j;,J la.a....^...^...A.jU u..,..:Ia. ,...A fx... J. 
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Table I Total Mty add composition of oiisesris from the wild-type arcd transgenic B, jttncea plm%$ (wt%) 



Fatty 3Ci£ 
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> « tO; 
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A O. t 

1 
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0.4 {bO 



a o.o t&M?oo 
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06. m 34 .a 

OA ta.O-Oaa 

4.0 

A 0.2 (2.0-2.3) 

| 
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0 8 

0.1 '0, 


1.3 

00 ; aO.O-d.7} 


.A 0.1 
0.1. (000; 
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A.?J 0.1 A 

0.1 

0.4 000- 0. 00} 
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.v 0..1 

A OA (2.^-1^.0) 
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o;i 

0 0 

A 0.03 ta-l,l>} 


0^0 


SJ8 ± 

o.:> 


4-0 

A: OvS 

0.0 

•: O.A 


0.4 


A $>A. 


, S.f't. £05. £:Jf> a«<i retyssfcsa a*.s tr^fi^;er>:t": p^arvrs j-ftrAra:? 

^:000>: Ov 2. 20:<0 2y0?i-9. 20Ov-A. 22:0. A4:0 


v >:tc: >?!A'V Or.:-.;>.^ A>^v 


Iramgmk B19 pbni^ wft: ^>honc^fv|>k-vV^iy normal were .-phisits 
g. canying other amstru^s and seeds .cotit m ai.ag sis bsran Ooi ariKi vm ot 
g VijC^lxTAs sriovvo'i jkj nOy-i>iAA ^ermmtfikm pfx4>]em&- (duta not 
® .showij), 'Tlra$ : tran-s^ciae /i _»i?«-Vf? seeds migls? be d>k to. \m ihe 

viewly syr^Iif: sized V t .0':Pl;F;\s to siippatt inj0;.0 ^n.iwih. 
^ A^howgh overall ;ek>ngi»t«)u fines s.h vr^nsi>:es:iie .0. ji^ii^? appear- 
g loss tbey ;3re aettwlly much higher th;j.n those observed in ]l:rs ;rnd 
^ tt?ba<.co 5 '\ AtX"<>fdirii(iv\ Iryiisgeinc P*. iunct-u :.?KC«n?ul^Jed bi^hcrf 

<b amoi3rtt«i- of VLC'PIJFAs in seeds, T!0s could bit tkte- to 0>e cotunbtiiion 

v . ... 

^ of e.i">.dogcvif>iis erizyr^es ivi. E jitittW ihM ar<:- ij.i.miti'v involved io the 
^ elougii^On pfocess. "Hie ciong^tivm compkx ifjekvdevfour er^yn)es r 0 
^ and ; : iii!kvi.f^h feV.i^dett&g ei'i^ynx: (elori^rse j is en da*} in dvm> 
i^iiiiTjg the suborn te specif icily of the eicmgation process, the remain - 
@ : rng ikree ef^ymes may atho-.- play . rm^wjarrt ..rok^' m J he ove.;.\dl 
^^j^. elongation eOkiency. VVherr eas erudc acid represents appfoxjmaiely 
^^^5% of sooikseed tatty aeids ia fT^t'ious) '& jimmi \h:m, the line used 
^ kere mj^ijins icm^ s' iraci* idmoitti?: of evaft<: aeid. Tins n^gh;0bed;ue to 
n mwt&kmm # ■p&xXfctiter. eoridensjng en>")':oK v c as \eas ot'<secved m-faw 
tmitic Add ftfjisskft mpu$*\ The rernatn.uig three en>:j , ;-rie.s in jbe 
ebnpiioii cornplcx may dnts be Oee te< eo-aCi with die transgenic, 
elo!ig;).se N resulting m Ingher elongation rate i i thiin m flux or idmcm, 
Mtern&Wdvy in fk iima-a tke shu^ling of Mxy aeyls between ihz 
\>kmpho\i4 and acyl-Co/V poois during; the blosynthesb ofVl.Ci 5 Uiv\s' 
rmy be more ellktent indeed^ m transgenic ilax and tobacco, the km 
rale of ekusgauon of ^6-desatufafed i^^rbon fesrty acids: u>: iheir 
20--cafbon eo lilies: wa^ associated sviih a lose level of 
Ad-.do$aiti fated i^-avrbon "Utt? iKUk-M the ^cvkCoA pool"' 1 , 

The 'VICTO'M^ prodnced m ii jmcm seeds a-re ainiost exciu.siveiy 
present as tr.iaey1giycero.k Fo.c exanjple in E)4 and B19- seed, 
m^--M,0% of total M atid &£M&L% <*$ -uM £&\ was k>nnd in 
:triacsdideeerd{s. Other lipid classes eon* .ahv otsly very Mall'ahiMnts or 
tkese kitty acids. O h h k not ofiexpeeted ; . gi^rr the high U*-ch to vv hick 
AA -,md EPA Oiceuintikited hi she. seeds, 

Posit jonakaniitek of B|4 and Bj^ phuspk^iipkk (Fig, M) $h<wml 
QLA mti AA tn.amk located - al the po^ik>n ? sehivk 
appears to be the matn siie of &S and .Ad desatunrnoid^, However, 
ki^vv which: is also a AO-des^iiaration pwdudv was noi p:it:donknaatk 
located as the <^ -0 oodtioo. For most te.ny acids f distfibntion at the 


.om and 5^-0 positions of tnacrlgiyccroi reflected the. distribution 
pattern hi phasphohpid?i rFIg, 3 be The majority <>[ AA was ioeatai at 
iht-m~2 *n~3 positions aud fcPA ss^as almost eqna^y dk^'thnled a I 
a({ dace po^Oions of O;!iiey]j>ks:eroh Preihninary analyses of developing 1 
BJ4 -seeds (M) days alter doweringj hidkaied th<k ibe iat.ty acki 
con < potions ot jd:to;:nhcaiplds and tnaeybdyceR>k wete ssnniar to 
those In ujann'e seeds idata nut: shown}, thts^u^ge^ts rhat the nOatiee: 
AA content in phospholipids is not dntn^atieally rediteed dioiiig seed, 
desiccation, in contntst tti what has been observed for medium -chain 
tarry ackis : ' A:ii . 

A seee3Tt study rcCAnass uuted the eonvcntlonaj A6 desato rase/elon:- 
gase patbvay m seeds of tnnisgenk, tlax, m4 tobacco P;. Wnik the 
transgenic weds aceon delated hk;h, les'eis' of AO desaturatafiatty acid*, 
arnotints of. AA- arRl. £M,m*C£ .o-d'y J.n the rau^e oft---2^oyfn svork.w:ith 
A :v hiihp+h t fiidm mi*, somesebat ba^iier- deeek of AA and kPA aceu- 
jnniated hi Jeaves of plants carrying geties irom the; alternative A9 
ebngase/A.8 desamrase patb^ss Ibis suggested that usint> tba alte- 
rnative pa-tlway- nik^bt over^tnne the problems associated witk'.:pu'k- 
iiydy. poor eJoitgaiion: rates in the e(>o:ventk>nal pathsva>-^ iJ 0 In :iaek 
our pmli:un nary expefitnents showed that, the constitntive expression, 
of she AO: doagase jnUhw^y in l\ jimcm rcsehed in even tdghet BM 
levels m :cav c s iban those obscr^d m seeds {data not shown), 
inipiying; .that the parUcukti host .plant and targeted. ns:Ane have 
major tOfects on the et'iicieney of individual sysseros. 

'The- mitkem.M VkCPUPAs in plant seeds is an, intrkate bioe}^enr- 
k : a) pn>eesru recanring the sequential activity otVieailtiple transgenic 
emyrnes. The use of stepseke mefabosic engineering pmvkfes an 
opportunity to observe the d&cts ot iudieidua! gene^ in the i>tosyn- 
thenc pathway and ofe.rs lostg.h.ts into the intermediate sieps ot this 
eoniplex process. Lkhig this .stepwise, engineerings we increased the M 
froikos05% in B}0 .planis : ;to 25.B0a in B|5 plants (ft.taxttnatnaxsf^ : e.fvs>d 
k'veky ' r he highest BPA ievet C'bserved in 13 J3 seeds seas Ll%, sehieb 
ineteaNed to '! MM in B}:9 plants. Since tbe&y measntements seet-e 
taken from segrepttog pe<pn!attons, the highest observed vakte 
danonstrates the : potential of titm to pmdnce $peeiik fatty. md% ■ 

The cloning of the first .44 desalurase from Thmmt^dsymum spA' 
implied the e^dstcoce of a snnple pathway tor DBA biosyntnesis and 
snggested tlie possibility ot nnkiucing dik hnportatn: hnty aekf in 
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I 1 1 i 1 1 1 1 1 1 1 1 


► 3 SteeoGspeeifie. analysts t>f phospholipid* and toaey%^*rtt*s. (a> Th* posftlwa: e::*tofctAioo of pho^mykmm mm P&t*&) 3&6 or 
p^^f5^;^«^o;^r^ (lower p.*o<b?A The ^oboborro: $fe?ecta$ f^tty acids bstww tfce stf-i a>:d j^»r* ar* statin for BJ4 <\m 
i?\$M) $®®ir>, i'r&cX&t&te'i phaspr^pds fram mab:;*'-? sssck svare ch^efeb w'tift phosphoitpaS'? A. 2 sad :&? p^x>cHi-::':: s - wss& rssab/sd by Tic, if$r.mv$th$U$Xp$ 
mi ^syzes by GC iti} The j3<&ifmrm; d^fcifeo^ or feisy aeide t?i btaeyiejy^mk from msroreSM af:b Bi9 r^atise 'Vvzc$$y™<)& wars eiaacyteted 
using: ethyl fjis^^iufti bromide and the puffed a,fWi^#¥(mste were used ;r> the evothesi* of i3t^h$;<tyfeMru& The d&totxsfe d'Miy sc^ mm. 
s:>2 .mi ^mom vv<* a^y&d bv c*i^la%.t^ resulting PC with pi^phohpa^ A2 mi tte m3 im*®- was c&M&m as ft&ftfctfi m feat! 


..Here we <fe:fiberj tlte ^ajs^titarios) of the entire DBA bkrsyro 
tbs&ic ln p\mt^ Mhmin% DBA symhvm m ^mk, &\bm m 

iiiw icvd-:. is is fcrftmher o^ml^km to atom eori]me:e;diy 
■viable levels, $$ tw been demon-ijr^ed here tor AA and EPA. 


METHODS 

Vettov ^oustvuetiofi arid jt.bo.rt tt3;u$forMat*f>^ A tr&k- .<.^sf^c- .coittaratj^ 
tbreei^p^ p*ero^ej-e\ fee dider^t mufbple <:?^mng. she bnkers ..;nd three 
ouop jViie kit"^Hef»>in«fer<c .was pr-;peo:d in rhe plesroki pUCM A 
ih^ w ^ c^mm mtr«™ m by Wi^ a^Mfcid.^yi Ab 
il^U^v^ i^m * 7V.dx 4 ptophe^--.cyi: ^«r^ 

fen* V7:f;n/;^:> f ^^ ^ttrtd iS&f^ri ftfyj CoA 

imxiimw km ram^c<i horn % mye+gme mmm<t -md mhdm\®$ into vhe 
The. mi& wp-<r.Kh was ap^lftdt«,iX\|^.^ <At- 
co«mmts-(B:J3 i-^^ by-.iu^irig ^1. ekwp:^ j^cuc tram Vtmmxm^ 


mii.m iJd-Un md .1 phospholipid -^yi o);^oc^uf:f^^^csi.v :^>m i> ?>?^s?«s 
(i^oi:.?)^ i^sp^th^Iy. Finally ttee' rte,. tor, :ftv<>- ;md m^.^t^ 
rcnvmxi ham |>Ufe!^ *\tk Md, d«m\ hm hhm Y 

\*mm pOI 5 TV or r >UNi, fof <:he ni^e-^mc a>mmri {im\ i xhm^cM 
eofi^rwer cf<j\iy:mm.s the :TcA--.i. p^o^pho:Vp^,-<u-yi A-^ .^mismc §£W iipm 
THms^K^ifhmi sp. : ' : . ;ia chnv>-isc. i'huhh^ from f.he fish 6. .m'kbs** ;t 
tp^pho^b^^viy^ ii^ykvi-sr^fes^, 7V,tr v . t?om '^«^r%^w; ci»:c - 

^t«» («i^5. Ail hi^rv varvFs u^l the MPW ^ with the NO. 

'^«« /^umicm- ^ir(:iV3U)i =pMP90) hv dx^wpor^bK, 

: for pte tnti»fem«Ki»»> hnx>cotyk:f^ > u> o <kv s# ^dtin^ «?f 
M emek ^-ki &.>w* fce<fi^ bm j«24 w<i «*■ 
^-sOcobin^j sviti: ^, ;;.t»iq-h.:c>^ anuaming the hi:w;y ^i^Uocis. 
iikM\ Tfm^iSfti^tifin: ef ii jmwi pmomml >is- ik«:cr.il>e4? ::r , 

^<>tiy acid iii*d lipul aixatyssjs, ^ittv ;ickl a.j.^Irse?t of s^tLs &«d -.yrnvfr twinmx 
Wit pixiiim&i hv QC ;ts. ilfcscfSx^f \ j.nd3Vi4o;i[ tUttf ieMs w^yt: 

kte^id br cotnp^g Ok ^G peab ^th mthmk fatty add «tttnd«^-and/. 
.^:hya:/Ml 


H '-eecl'f v,\fc tj> be wrfior ;v^->re <lcno;o? li^id xmiy^*. \m\lvkiml seeds 
wcrc fef h^ted for i.0 mm. 95 C Iri i-jrrU <>i ' ts^^j^l, .-;JJ^ sikr 
hom^mmyn> ziiqmU ^ew y? . w ^ »f^j:.a.jwiy?od hy CiC r>> ul<!?^|y. 

. ;oxi ^..-e:-aasgvciiv s.:ed^. rhe \^iop^A of 
O'i ■vjo.t* -synn^eN- cei«fil«t>c-i, (he 

ivol/^k The two exir^rv : ^m each were e^obh^i ^ 
aoa absolved Vft chlomioMiv. T> *xd* ^ P *^:d ^lly GO 



sereeom^ Thv ivsohb>g lipid exu-sev . wiw pfefK^k^M »rt<> i>e.i«r^ ji^stfa, 
g3.yeofip}d^ .a^d phe.$j>hoUf:<id' ( on a silka Pt-^ep plunui -(£^sh«r $cl*nti^) :?, \ 
Thirst b-ov"Hat^ -were: -fustte rowh'ed v>.?i -^'ijf.^ (>••:•::> ttm i-IU^is (wp'^hy • 
(TLC? ploes ;M..;eh.;^y^a$cVi. Nvi.nr,^ lipids ^ith k»/ 

aierhvr^thvrr/yoebc aekt (70:!?0;}.'>: voiA-oi/volb giy^M*. whih -<Lt4m>to/ 

tm$&kL voi/vol/v^Vvvrl), Tbe MviM lipid 
Kxoubed uodt:r L.^V lu>ht ait.v a primula vwt; 
>o.i: ifi i!;eetc>:f!^wiii:ei\ ^20 ? vt>:[/v>:;<l: %ma"J, re^^ovm f«;m--- the pb^e by 
ser^pings a«a uso:! for dkect o-anwoeihyfedeo -wx tmmxd by <i« rtppiOj>rii»e 
solver f<>f fjjifher oUo lyxis. Th;- d^ey^lv 3 ^u>k . e>:J.ot<:>.ed iw&.ow:3. 

of tmev^ycevo^ and phospMipuK S^paivtt^i ;iod 
..\tM.er,d phospboiipi.i <:bs>c< v;.:t-: dbsoiy^i . h> nti-iti bx>tm j>offer 
(b.i>M pH etmiiibmg <bi mM CoOo, After a brief .^onk^tit^s, :V0 erf' 
f4**phdip.jse A > mm ^vtom^ of :m^mUsm (S'ipm ml2 iob 

diethyl other were added ;o^d ^oopke- were ve-Hcxed i^r * h ax 22 i' he eler 
pbt.^ ,wai -vapoutYxb ri^diucsoo^ivas ^pped vvidv W 1 M HO, .05v5 the 
m^ehvev nxtore vv>^ ;:xvf^.t^! ivkb d^vJ.oi : 05io/<Med^^o$ (2rJ, voi/v^iib The 
sep:oeo-d by TIC. i« 
r { ?t>^):4:2, volb'Oi/vv>l/voi: -umi ^•tf^f^ii^ t>> J 
free ikty aeld, ^d bsopho,pboUp«i-. were mnm<4^ t 
mmm^hdmd. 

Brt.y .-md pixMrn of tn^yfglyorrol ^reopavitiom ^re detmmo^ by 


p;irtiet ehtTOieal dertcybto e?f of TIC •purdkd tri;iey%tevd, c« 

aesefibed, p^eviou^y-; with m<w wodmaiihm. rx.fbdke^gl-y^fOi ^s pi;r : - 
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LETTERS 


I 

3 


xxxmcxixi fkm. nfm *R€ 0jJ<ixx!Ytfnxm^ 

7^* 30.r>J; S vol/vY.if/v<;>i/vt>Fj clh^.^ii with p\\osph<>\x\\x^i: A3 Eixsaihxx 
abuve for piK^pMpkk The toy ad<f pto&k of ike {y^phos- 
p:i»?:itiyickoun^ repn^fijK&'d^ rmeyi$yx*T<x *;; •/ jx*m<nx m& ths? rde;&c<J 
(my acuIs, the ex 2 powte.' The. ttns*i»ittg pmxkm c4c*fkk'd 
a«amis.«§ to the formula s» ------- 3 x TAG-<* : »> ? t * ; »x?}. 

ttte ,nn*b-:Xs *h>X)k Xk?<& I'xm XX- j*ft>vi<xa& & and OiSfW'sS 

fed En<: Mifcx GiUkx .n}r. wn GC su'ul C<(.1< MS -&rai$<£& Vte insx 
tixmk ii : ?»>3jh>3:> : ^ifgo tor \o>.?:«t«^?*iv- >>» < Vvtrlls/r vwiifoa mE i'h>s rn;xx>$\T;:jX. 

iypm&Tm** mwmrs $i&TM?$? 

The sWMm dedare ■:<pm^m% -'UrawcM interact* (see the N ; <««>-<> 8whxfaiafogy 


X lX*rk. CXE Ex^onis-Ex y>X-sr>:xx> <f: ?*r.o$x«sx; fcfrSc&Y, EXE^.XX 

in ?^jf5$ ; &sti gviai Ant3f:oE.fe in iV^^fifJawm^titw. #;><;. 

3, Cxxvxxx EEA <??' XX Are clsficit$-<tf ^chk&ri-ic.-s^l dwossKc^rofc sckls resj»rasiWe 

3, S*«3«E.. X. p!XXX?, XE. EECvEX & &i ^^:¥&U:<3te3 EXX <XXX XXCXXX- 

ifctf. fttrfritifttt: anE <^>i^?:6ik: xxx^xxs J. .Ax;. €:<::. tissz. 21 ;>^i--302 ;E:C;0EX 
Sx $tX^t:XV A. i;SS?-^v>::lY NUy *Vfc&. k&ftfS 34: -E>;V: :$<&j. 

x. x-cXvE 3. <tf .x : - &&t&c&-: x\x'EE'X ; E§ of AxEx:x>xE see* fsr js^yEJ- 

EyO>yX^:i??**:^x * • : :yx:X*yve:*ratt > E<.':X>:ynxy >*xExxx:. Ate?. $x>«ww. 17, 
[01 i--\0i6il<m?. 

?, Y«, X, $ $L fc>if?Win^ th<r. prX-viX^E^ A i^vfe -E^i:s>:X:> OX-&y':VJX>E>V :E->EXv£Y E'-v 
^f-3fvr'*;^vv , 'EE'\-'c''-." : XX- '';:X^\>~.p'c:':':'\ X.'.-:' c- ^8 / ■ s'-',\''-\'v > v UExOOE 

8. T^f^X .1.1 J tE. :>^wiio vf&^ttv^n* f<:n.y ^;:X ny.^vr : -th<v>i^ ??-> Wo-E-.. 

B>. ftiX>y;':i. A- St fiio--^:.^^^S. vl py : -!^>'':ha::: [;^iy>::;:^E,:raX'^ :*;>^y ^: : ciy. i- 
X'5X%X:XC Oi?EtX^.: COESiX^^EE <X tE>>if *CC%;f>xE^X.:X Pfm 0>U. 16.. 2'.?34--a?48 


X^J E»?nExt ixxE^vXx .PX'SX^.'X-^'. ! Ex^ E^^. S?5<?«-E o-xes 6B> UEi-EEB^ 

1% r!v:>;>. K. i--§E !tx^:: ^nxx^'itkx^ ^^nn;^.X:xy^Ex *5v^:in .^.^ ,«'X<v<A 

y-$.EEg <5 E<>>itS 6 ■EvS^vX^ EXEX ^vtfe^ ;^XEj^, ^X*X P^y-iiOi :$VA--:W> 

13. Uxi. X . Hon^, H. & MacK^Siv, .S; L. k^n^^ior;-.^ -My acid tfssgtos* 

?XX« /•V^y>^C.^-?V^?:n $n, ::X<XV>xj E": : f;E?: 0*. ^?.<.^^5$X«$e <XX« 

E>X&rO:>mEj$ nvjX^iCf: i- toC^c^f?^^-- i^rV^.VJr 5lnti &m$&8 . ■ <.K B&l 

PE>.-:; .E 31. lioo:^. 
15. Cl:u. X.. Rssd. :>.W. S Hftr^, H., WacKtv^:^ 3.L. /Gewfsikv :ES. Jtfsnifefe 

sn'$j*$<5 ;>t •> ^e«v fm* C:?&?4m$ $ffxk®u>s ►>:xx<X"Xj & ^>?x ; sck? c^>x:^>. P«. ; x' 

Pfy'Sht- 125. ^?- 8E5^00EE 
lh tfw&. A. ;?E Xvv^j ixuy .x^ <?J:>n^:ii a?x* E*x^r ^ Xir JE^ ^EX^ixtix^ of 

Eo^^ix^^ox <xxv ^esv-^x^x E. t;n^\%s. 4$. ^vx-;'?0-> EEOO^E 

.&3fr*:.c> E. AXX Bkil 46. EE" : X.:>3<.> c 

• <E :Evf:X>f cXX^ E *i ;ii Avv! v^f: - X:^ vXX ^:;i>¥X^t> ?,<•>' nx- ■■ <h$8$\:X SXX *:X5 5?ii'X':^X<:l 

E'lVviW.': WX k'f^X^^n pvX^:x<Xvr:^v:d tfiXy <X:E^ 5XC:*y:X%E* :^n-v?:;*t':l*y En 

yv^E E^E-E i^x Z?A >E: :X-.::E[E:tEE:aCEEE 
EOEvVxx^, L. tx^E-jx A. & xtyn-E>ix 3- f^Jy «ciii ?5i$x^xf?E>c -s:^ Epx' nx^Cv!^ «n 

Ui:>.'cE:X>::::^^:>Xh x? iBfif&kti 1. 1 PiSH&J StU^Ml 

2LvV^kX s sE IE. , E0X5XX. E.. By : r:x> J.. S^nn-x 'E X ixXi^sEs T'-iXE d:SE ; E^iiO« ft? 
•\Xpxi? : x. ':.3E ; :*^n"> ;*:x1 i$E-fc>^ ■:>> Eni^; Ex:- - Eevx:vE>:^ sno sE^tu:? ^OvE^ xHsxjx^cE^ 
.^s^ft>3 E. : : :;m*2\Z.. ^-40 xEOCsE;. 

22. G^iXXE, EA , CEx-v^. i-E, XXX, D, & E* **>:•£•. J, A; T:>(> v ^ <.f <=txy X:XE 

pcEx-xyx^'^xi fsity <X:E$ rin^i^:<X« -x^ExE^ ^x^rx^x-: :.xxxi.EX>x- niaxEv^ 
«f( ^iiX'c^^vt: sn^s>^;te5^wt(3ir 4 .fis^ oils. EE^x ^X 2:9. ^ xXE (E(XE45. 
Eiapw--. Bxx^-XEjX E., ^E.'E.X^Xn::, 1..V. ^E iEx?fK.v^. 0- JE-E ^••:X : - : EEn- n;' inxg 

••ExX'-f f^j^fittss^' ^iy ExnX ;>> EX":x^>:E< f.Esmx E>y <<xx^ <x«xyxxxxE S?X>CEE- 

<-A E:"^sxr:. E'EE. xr at. r^Xicxxn nf • the x^x$vsd x, ? ^ sxr?cx ; ?.;^in.. nxyjn, .x^ iix 

E^X^SX; J. EE^E CE<>rX. 261. i$$?<h.- : l*$$i i E!?S>>E 
2v. E:<xE^x ix. :vr:ix\ J. x ixxxxxi. ET 'iuiEficr?^tjO?? xxl j^^x^-xx ^* xxx^ 

:.::-E:Xi A&ofrx&Ku™ i&xiitea&ri. rLvv: OeV Tl, 4:X ; X EOE :..E!B3E, 
2i>. Eys'XE. i"E. & iXEX>:^v$, X PXXEX: ^E:E?X:X ^E'E X^^^^EES $E$'XX^v^ •vSEXE OX^ 

rXXE^XVvXi:': ^t' vvi^EX' :'VX XXXiE>\*$: ;.->^;'X> ?-XXi?^ E, Pk*i EExXxE S3, 

Z? Eiyhxr. jj. ^. Kxk^is. A. f>t$n?osp^ciffc' ^I'^iysis of *f$&.$lg$ty:j'r$& ws- ■r^mk' xfes> 
pE-XIEyvEx^::':^ X^X y-WyEXX^<- C- CoX\ J, 5?xxEx^ES7. i i E--.xE4 ^:$>'§'E 
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